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Vehicle electrification is considered to be the most promising approach toward 
addressing the concerns on climate change, sustainability, and rapid depletion of fossil 
fuel resources. As a result electric-drive vehicle (EDV) technology is becoming the 
subject of many research studies, from academia and research laboratories to automotive 
industries and their suppliers. However, a crucial step toward the success of EDV 
implementation is developing test platforms that closely emulate the behavior of these 
vehicles. 
In this dissertation, a new approach for emulating an EDV system on a 
motor/dynamometer test bench is investigated. Two different methods of emulation are 
discussed which are based on predefined drive cycle and unpredictable driving behavior. 
MATLAB/Simulink is used to model the test bench and simulations are carried out for 
each case. Experimental test bench results are also presented to validate hardware-in-the-
loop (HIL) real-time performance for each method. 
Furthermore, to provide a more realistic approach towards EDV emulation a 
braking system suitable for motor/dynamometer architecture is proposed. The proposed 
brake controller represents a very close model of an actual EDV braking system and takes 
into account both regenerative and friction braking limitations.  
Finally, the challenges and restrictions of using a full scale test bench are 
outlined. To overcome these limitations, the development of an educational small scale 
hybrid electric vehicle (HEV) learning module is discussed which provides an ideal test 
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The deteriorating air quality, global warming issues, and depleting petroleum 
resources are becoming serious threats to modern life [1]. The demand for oil has 
significantly increased and is projected to increase even more in the near future. 
Furthermore, due to increasing oil usage, anxiety regarding its scarcity in the near future 
is also growing.  
In recent decades, the highly developed automotive industry and the increasingly 
large number of automobiles in use around the world have caused the oil consumption of 
the transportation sector to grow at a higher rate than any other sector. This increase has 
mainly come from rising demands for personal conventional internal combustion engine 
(ICE) powered vehicles. Therefore transportation, in particular, accounts for a major 
share of oil consumption and is accounted as a serious threat to oil resources. Figure 1.1 
shows the increasing trend in the transportation sector share in the global oil demand.  
 
 
Figure 1.1. Transportation sector share in the global oil demand [2]. 
2 
 
Limitation of fossil fuels as well as the high consumption rate of this energy for 
transportation have stimulated the aggressive development of cleaner and more efficient 
vehicles. In addition to economic and political complications that transportation oil 
consumption poses, environmental concerns have also had tremendous influence on the 
motivation to transition to transportation electrification. As a result, technologies that 
show the potential for decreasing energy use and air pollution are being evaluated. At the 
same time, research and development related to transportation have emphasized on higher 
efficiency and cleaner vehicles.  
One advancement in the field of transportation is electric-drive vehicle (EDV) 
technology, a logical evolution of today's conventional vehicle that is powered by one or 
more electric motors. Although the market share is still insignificant today, it is 
recognized that EDVs are the most promising vehicle solutions for the foreseeable   
future [1]. Due to their fuel economy improvement they provide a solution to 
significantly reduce the oil dependencies of the transportation sector. These vehicles are 
projected to replace conventional vehicles in the near future [1]. Therefore, it is of great 
importance to both conduct research and also educate a new generation of engineers in 
this field. To meet this challenge, an increasing number of engineering schools have 
initiated academic programs in advanced energy and EDV technologies at the 
undergraduate and graduate levels [1].  
There are different methods to develop and study EDVs, each with their own 
advantages and disadvantages. In this dissertation, after briefly discussing the different 
ways to study EDVs, emulation of electric-drive propulsion systems using a 
motor/dynamometer test bench is discussed. In paper one, detailed analysis and 
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challenges of developing such a platform are presented and a new approach for emulating 
road load conditions for an EDV system on a test bench is proposed. 
Paper two, overcomes some of the limitations of the existing motor/dynamometer 
setup by integrating an accurate model of EDV regenerative and friction braking into the 
developed test bench control system. The new model not only provides a comprehensive 
and more realistic approach towards emulating EDV performance on a test bench, but can 
further be used in efficiency and energy consumption analysis studies related to these 
vehicles. 
Finally, in paper three the development of an educational small-scale hybrid 
electric vehicle (HEV) setup is discussed that is inclusive of all the major components of 
a real HEV powertrain. The developed test bench can be used in institutes of higher 
education to complement theoretical coursework and to serve as an HEV research 
platform. 
 
1.1. DIFFERENT WAYS TO STUDY EDV IMPLEMENTATION 
In addition to books that provide narrative descriptions of these vehicles and their 
components, there are mainly three other methods to develop and study EDV 
implementation. These are; full system simulation based on software packages [3]-[8], 
hardware-in-the-loop (HIL) simulation using a test bench [9]-[15], and real vehicle test. 
The advantages of system software simulation are; good flexibility, low cost, and short 
simulation period. However, an EDV is a very complex system that is difficult to 
accurately model or describe and usually the simulations carried out are a mere 
approximation of the real system. Therefore, in most cases verification and validation of 
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the simulation results should be proved by other methods. On the other hand, the 
advantage of a real vehicle test is that it provides good reliability and a realistic 
evaluation of the vehicle under study. Yet, this approach presents some drawbacks which 
cannot be ignored. This method often leads to a dedicated system that is very expensive, 
rigid, and difficult to test and adjust. Thus, as a combination of advantages of two 
approaches above, the HIL test bench is drawing more and more attention [16]. It 
combines both physical and simulated elements of a system by substituting a model of 
the physical system inside the control loop. This method of emulation is essential for fast 
powertrain design and is considered a necessary tool in the study and implementation of 
EDVs [17]. 
HIL is a technique for performing system-level tests in a quick and cost-effective 
manner [18]. This method of simulation is particularly useful when a complex system 
cannot be tested easily in its operational environment. In the HIL simulation, part of the 
system is simulated and part is real hardware. Usually one or several hardware devices of 
the system are used instead of their simulated models. To ensure accurate results, all 
dynamic models of the rest of the system are required. Additionally, all significant 
interactions that exist within the system under evaluation should be considered. This type 
of simulation adds real measures compared to pure simulation methods and reduces the 
cost and the required infrastructure needed for pure hardware implementation. 
The HIL concept can be applied to a wide variety of vehicle system studies 
including EDV systems. In recent years, HIL has been used increasingly in test bench 
evaluation of these vehicles and is considered as an effective approach for simulating 
EDV systems. This method of vehicle emulation is considered to be a low cost and 
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flexible approach which enables vehicle designers to analyze powertrain performance and 
energy consumption in early development stages. Additionally, it allows researchers to 
evaluate and study electric-drive performance and develop new control strategies in 
academic environments. 
 
1.2. VEHICLE DYNAMICS 
In order to model the dynamic behavior of a vehicle on a test bench, knowledge of 
physical aspects of the vehicle and test platform and the dynamic equation governing 
them is required. Resistive forces opposing vehicle movement include rolling resistance 
of the tires, aerodynamic drag, and hill climbing or grading resistance. Rolling resistance 
and aerodynamic drag forces are opposing forces in nature and tend to reduce the speed 
of the vehicle. Whereas grading resistance force can either reduce or help increase the 
speed of the vehicle depending on the slope angle that the vehicle is traveling on.    
Figure 1.2 shows some of the forces applied to the vehicle climbing a grade.  
 
 




For a vehicle with a mass of m the total resistive forces on a road can be 
calculated from [19]:  
	ܨோ ൌ 	ܨ௥ ൅ ܨ௪ ൅ ܨ௚ 		ൌ 	݉݃ ௥݂ cos൅12 ௔ܥ஽ܣ௙ሺܸ ൅ ௐܸሻଶ ൅ ݉݃ sin  (1)
where Fr is the rolling resistance, Fw is the aerodynamic drag, Fg is the grading 
resistance, fr is the rolling resistance coefficient, α is the ground slope angle, V is the 
vehicle speed in m/s, CD is the aerodynamic drag coefficient that characterizes the shape 
of the vehicle’s body, Vw is the wind speed on the vehicle’s moving direction, Af is the 
frontal area of the vehicle, and  is the mass density of air. 
The dynamic equation of a vehicle with regards to the second law of motion and 
taking into account the resistive forces can be expressed as: 
ܨ஽ െ	ܨோ ൌ ܯܽ  (2) 
where FD is the driving force and FR is the resistive force.  In an EDV, the driving force 
is produced by the electric motor. 
In the rotational context, the equivalent vehicle dynamic equation can be 
expressed as [19]:  
௪ܶ െ ோܶ ൌ ܬ௘௪ ൈ ൬݀௪݀ݐ ൰  (3)
where ωw is the rotational speed of the wheels and Tw and TR are the electric motor and 
total resistive torques calculated at the wheels. The two expressions are actually 
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equivalent, with the difference that expression (2) is in the linear context and expression 
(3) is the rotational version of the second law [20]. The equivalence can be easily seen by 
considering a linear system with a force operating directly on a mass, or a torque acting 
on an equivalent rotational mass with a rotational inertia of Jew. Jew is the equivalent 
rotational inertia of the vehicle calculated at the wheels. This term relates to the amount 
of flywheel rotational inertia that would be sufficient for emulating the vehicle inertia 
effect on a test bench [21]. From (3) it is obvious that vehicle moment of inertia is one of 
the crucial properties when emulating vehicle performance on a test bench. Considering 
vehicle inertia when testing transient performance, provides insight into how different 
components of powertrain can be expected to behave in situations where the vehicle is 
experiencing sudden acceleration or deceleration. The reasons for acquiring inertia 
measurements are numerous. Most importantly, automotive manufacturers require inertia 
properties for use in their vehicle handling and stability analysis and also in brake 
dynamometer testing [22]. Vehicle moment of inertia is also extensively used in 
computer models and simulations of existing vehicles and most importantly in the 
development stages of new vehicle design [23].  
The moment of inertia for any object can be calculated, if enough is known about 
the distribution of its masses. However, actual calculation of the inertial properties of a 
vehicle is a complex process which requires accurate weight and dimension 
measurements of different components. As an alternative way, the moment of inertia of a 
vehicle is more practically measured by testing. Test facilities have been designed and 
built to measure moment of inertia properties of light vehicles [23]-[25]. While test 
facilities tend to provide reliable and accurate results, still this method of measurement 
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often requires a dedicated system that is very expensive and not easily accessible. On the 
other hand, practical tests using these facilities are done on the final prototype which 
implies that this method cannot be used to calculate vehicle inertia during the first stages 
of vehicle design. 
 
1.3. TEST BENCH DYNAMICS 
The hardware of an EDV test bench consists of a dynamometer coupled to an 
electric motor that serves as the drive motor (DM) [19]. Typically a test bench has one 
large flywheel attached to it in order to simulate the effect of vehicle inertia. An example 
of such test system is shown in Figure 1.3. 
 
 
Figure 1.3. Typical EDV test bench. 
 
A dynamometer is an energy-absorbing device capable of applying a controllable 
load in which the load is varied under computer control to simulate driving scenarios. In 
an electric dynamometer, this resistive load is produced by an electric motor and is 
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applied as a torque or a rotating force. In this case, the dynamometer resistive torque is 
applied to oppose the motion of the DM and simulates vehicle resistive forces, while the 
flywheel provides a fixed inertial mass to emulate vehicle inertia. 
The dynamics of a test bench for EDV emulation should include the dynamics of 
the following three main components: the dynamometer, the vehicle DM, and the 
flywheel. The equivalent dynamic equation for a test bench with these three components 
can be expressed as: 
஽ܶெ െ ஽ܶ௬௡௢ െ ൫ܤ஽ெ ൅ ܤ஽௬௡௢൯௠ ൌ ܬ௧௢௧௔௟ ൈ ൬݀௠݀ݐ ൰  (4)
where ωm is the motor rotational speed, TDM and TDyno are the DM and dynamometer 
motor torque, respectively. Jtotal is the total rotating inertia of all the rotating components 
of the system, which includes the rotating inertia of the DM, dynamometer, flywheel, and 
the coupling. In addition, BDM and BDyno are the viscous coefficients of the DM and the 
dynamometer which represent friction losses of the test platform. 
A properly designed test bench for EDV emulation can decrease the development 
time and result in more thorough tests at a cost that may be significantly less than the cost 
of using traditional system test methods. However, the development of such test platform 
itself can be a complex process since it needs a real-time simulation model capable of 
controlling both electric motors at the same time for different driving scenarios [26]. 
 
1.4. CHALLENGES OF EDV EMULATION USING ADVANCED TEST BENCH 
One of the most difficult tasks in developing a HIL platform for EDV emulation 
is creating a suitable control system that can synthetically generate input signals to the 
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system under test at each time interval [26]. Ranges of literature have focused on 
emulating EDV dynamic load characteristics by control of electric dynamometers and 
different control strategies have been proposed [27]-[32]. However, in most cases, 
accurate knowledge of the dynamic characteristics of all components must be known and 
the accuracy of the results is highly dependent on the transfer function and dynamics of 
the system. Also, in some cases the overall inertia effect of a vehicle due to its mass is not 
taken into account and only the inertia of rotating parts such as the electric motor, gears 
and wheels, which account for only a portion of the total vehicle inertia, have been taken 
into consideration. Therefore, it is of importance to find a way to estimate the inertia of a 
vehicle and emulate the effect of vehicle linear inertia using simple test bench 
configurations. Additionally, vehicle emulation with a real driver and undefined driving 
profile has rarely been discussed, and it is always assumed that a predefined drive cycle is 
to be simulated. In this case the driver behavior is not taken into account and the test 
bench is designed to simulate only a few standard drive cycles. 
In this dissertation a new approach based on equivalent vehicle rotational inertia 
calculations is discussed which takes into account the dynamic torque variations imposed 
on the EDV due to vehicle inertia effect. To address the issue of incorporating the driver 
behavior, two different cases are studied in this dissertation, and a control strategy is 
designed for each case; one using a predetermined speed profile, where the speed at each 
instance is known and given as a drive cycle. The other, using a driver model, where the 
demanded speed is obtained through pedal control.  
Another challenge is eliminating the flywheel from the test bench. Although using 
a flywheel to simulate vehicle inertia tends to generate more accurate results in the final 
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implementation, however, it is not preferred in many laboratory environments [19]. This 
is due to several facts such as safety, and the fact that a flywheel with the same equivalent 
inertia as a vehicle can induce additional mechanical stress on the coupling and motor 
shafts. Also, different vehicles will require different amounts of inertia, whereas flywheel 
disks are in discrete steps and there is a limitation on the maximum inertia that can be 
obtained. Therefore, by eliminating the flywheel, the challenge of emulating the 
rotational inertia effect of the vehicle by using only the electric dynamometer should be 
addressed. In this dissertation, this was achieved by incorporating the dynamics of the 
flywheel into the controller and controlling the dynamometer to emulate both the 
rotational inertia effect of the flywheel and the resistive vehicle forces simultaneously. 
Furthermore, to provide a realistic approach to EDV emulation on a test bench, all 
characteristics of the vehicle should be considered. A key feature of EDVs is their 
regenerative braking capability which allows the electric motor to operate as a generator 
alongside friction braking and absorb excess energy while the vehicle is          
decelerating [33]. Although the interaction between regenerative and friction braking has 
been studied in the literature [34]-[37], however, an EDV motor/dynamometer HIL test 
bench that incorporates a realistic braking model has never been considered. Part two of 
this dissertation tackles the challenge of integrating EDV braking into a control system of 
the test bench to provide an even more accurate approach to EDV emulation. 
Part three of this dissertation is dedicated to the development of an educational 
small scale HEV setup as an alternative approach to overcome the restrictions of other 
available methods of studying HEVs. Some of the restrictions of practical methods such 
as real vehicle tests and HIL simulations for both electric and hybrid vehicles are that 
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they require expensive and dedicated systems [38]. Moreover, appropriate safety 
precautions should be taken when operating with these systems. On the other hand, these 
platforms can only be used to study a specific architecture of HEVs and lack the 
flexibility of being reconfigurable. Hence they do not provide a complete platform to 
study all different configurations of HEVs. Also, due to restrictions on using an ICE in 
most indoor environments, HIL simulation platforms for HEVs often model the ICE 
using an electric motor and so the ICE which is one of the main components of a HEV is 
absent from the test platform [38].  
To ensure a practical hands-on laboratory experience that is safe, affordable, and 
at the same time consists of all the major components available in a real HEV powertrain, 
the idea of small scale HEV setup is proposed in this dissertation and the development 
process is explained in detail in the third paper. This test bench features the flexibility to 
switch between different HEV architectures and is intended to serve as a test platform to 
familiarize and educate on different aspects of electric and hybrid vehicles. The 
developed test bench can also be used in institutes of higher education to complement 
theoretical coursework and carry out research related to HEVs. Some of the research 
topics that can be studied on the test bench include design optimization of HEVs, 
implementation of different control strategies, battery management systems [39], battery 
SOC estimation [40], fuel consumption minimization and many other research challenges 
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I. Emulating On-Road Operating Conditions for Electric-Drive Propulsion 
Systems 
Abstract— This paper provides a new approach for emulating road load 
conditions for an electric-drive vehicle (EDV) system on a test bench setup consisting of 
a drive motor (DM) connected to a dynamometer. Two different methods of EDV 
emulation are discussed, which are based on a predefined drive cycle and unpredictable 
driving behavior. The effect of total vehicle inertia is considered for both scenarios, and a 
control scheme is developed for each case based on equivalent vehicle rotational inertia. 
This method of EDV emulation not only takes into account all of the stress imposed on 
the DM due to vehicle inertia effect, but also allows electric vehicle emulation for any 
standard drive cycle, as well as undefined driving scenarios. Simulations are conducted 
for each case using a MATLAB/Simulink test bench model, and the results are validated 
using ADVISOR, a well-proven software package, to confirm the effectiveness of the 
proposed method. To investigate hardware-in-the-loop (HIL) real-time performance, each 
method is applied to the experimental test platform, and the accuracy of the experimental 






Emulating an electric-drive vehicle (EDV) by means of an electric 
motor/dynamometer test bench is a timely research topic that has received increased 
attention in recent years. It is considered a low-cost and flexible approach that enables 
vehicle designers to evaluate and analyze powertrain performance and energy 
consumption in the early development stages of EDV design. Additionally, it allows 
researchers to evaluate and study electric-drive performance and develop new control 
strategies in academic environments. 
There are mainly three primary methods by which to develop and study EDV 
implementation: system simulation based on software [1]-[6], hardware-in-the-loop 
(HIL) simulation with a test bench [7]-[13], and real vehicle testing. The advantages of 
system software simulation include flexibility, low cost, and time effectiveness; however, 
software simulation provides no guarantee that the real-time performance constraints can 
be met. Therefore, in most cases, the simulation results should be verified and validated 
using other methods. The main advantage of real vehicle testing is good fidelity; 
however, this method often leads to a dedicated system that is very expensive, rigid, and 
difficult to test and adjust. As a combination of the advantages of these two approaches, 
HIL simulation using a test bench is drawing increasingly more attention. 
A properly designed HIL test bench for EDV emulation can decrease the 
development time and result in more thorough tests at a cost that may be significantly 
less than the cost of using traditional system test methods. However, the development of 
such a test platform itself can be a complex process because it requires a real-time 
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simulation model capable of controlling the drive motor (DM) and the dynamometer 
electric motor simultaneously under different driving scenarios. 
A number of articles in the literature have focused on EDV emulation studies, 
proposing different test benches with different emulation capabilities [14]-[20]. However, 
in most cases, the effect of vehicle inertia is either absent or replaced with only the 
rotational inertia of rotating parts, such as the electric motor and wheels, which account 
for only a portion of the total vehicle inertia. Additionally, vehicle emulation with a real 
driver and undefined driving profile has rarely been discussed, and it is always assumed 
that a predefined drive cycle is to be simulated. 
This paper describes a method for emulating the EDV behavior on a 
motor/dynamometer test bench that is based on equivalent vehicle rotational inertia 
calculations. Two different cases are studied, and a control strategy is designed for each 
case; one using a predetermined speed profile, where the speed at each instance is known 
and given as a drive cycle. The other using a driver model, where the demanded speed is 
obtained through pedal control.  
The remainder of this paper is organized as follows. In Section II, a brief 
description of the forces acting on a vehicle and the importance of the vehicle inertia 
force for test bench studies is discussed. The term vehicle equivalent rotational inertia is 
introduced in Section III, and an expression for the equivalent rotational inertia of a 
vehicle is derived analytically. In Section IV, vehicle and test bench dynamics are 
discussed, and a suitable test bench structure for emulating EDV is presented. A 
Matlab/Simulink test bench simulation model is developed in Section V, and two cases of 
EDV emulation are studied in detail. In Section VI, simulation results are validated using 
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a different vehicle simulator software. The experimental test bench configuration is 
presented in Section VII, and the results of HIL real-time performance for both operating 
modes, followed by a comparison between the simulation and experimental results, are 
discussed in Section VIII. Finally, in Section IX, conclusions are drawn. 
 
II. ACTING FORCES ON A VEHICLE 
In order to better understand a vehicle’s moment of inertia, all forces applied to a 
moving vehicle should be known. The dynamic equation of a vehicle with regards to the 
second law of motion and under consideration of the resistive forces can be expressed as 
ܨ஽ ൌ ܨோ ൅ܯܽ (1)
where M is the vehicle mass, and FD and FR denote the driving and resistive forces, 
respectively. The total forces acting upon a vehicle can be divided into two terms. The 
first term represents all of the resistive forces opposing the vehicle’s motion and is given 
by 
			ܨோ ൌ 	ܨ௥ ൅ ܨ௪ ൅ ܨ௚ ൌ ܯ݃ ௥݂ cos൅12 ௔ܥ஽ܣ௙ሺܸ ൅ ௐܸሻଶ ൅ ܯ݃ sin (2)
where Fr is the rolling resistance, Fw is the aerodynamic drag, Fg is the grading 
resistance, fr is the rolling resistance coefficient, α is the ground slope angle, V is the 
vehicle speed in m/s, CD is the aerodynamic drag coefficient that characterizes the shape 
of the vehicle’s body, Vw is the wind speed on the vehicle’s moving direction, Af is the 
frontal area of the vehicle, and  is the mass density of air. The second term in (1) is 
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caused by the vehicle’s mass and acceleration and represents vehicle inertia. It is also 
highly dependent on the vehicle’s rate of change of speed or acceleration/deceleration. In 
the transient performance evaluation of a vehicle powertrain, most of the stress on the 
driving force arises from this term, as shown in Figures 1 and 2, where the two forces 
acting on a typical vehicle are plotted against each other for the Urban Dynamometer 
Driving Schedule (UDDS) and the Highway Fuel Economy Test (HWFET).  
Clearly, the resistive force acting on the vehicle is relatively less than the 
acceleration force in both cases. In addition, the acceleration force shows fast transient 
changes, especially when a sudden change in vehicle speed is detected, whereas the 
resistive force has very little or no transient changes. Since most of the stress on a vehicle 
arises from a change in the speed of its moving mass, the effect of vehicle inertia for test 
bench studies should be considered carefully. 
 
 
Figure 1. Resistive and acceleration forces of a typical vehicle for the UDDS cycle. 





















Figure 2. Resistive and acceleration forces of a typical vehicle for the HWFET cycle. 
 
 
III. VEHICLE EQUIVALENT ROTATIONAL INERTIA  
In many test bench platforms, the challenge is to determine how much flywheel 
inertia is needed to emulate vehicle inertia based on the vehicle’s specifications and 
weight. In order to determine how much flywheel inertia is sufficient to simulate a 
vehicle's weight on a test bench and map vehicle’s linear inertia to a rotational inertia, the 
term equivalent rotational inertia is introduced. For an EDV test bench, this equivalent 
inertia relates to the amount of flywheel rotational inertia that would be sufficient for 
emulating the vehicle inertia effect while rotating at the same speed as the vehicle’s 
electric motor. In this section, the equivalent rotational inertia of a vehicle is analytically 
calculated using the expression for kinetic energy in the translational and rotational 
contexts. 
The total kinetic energy stored in a moving vehicle is a combination of its 
translational kinetic energy and its rotational kinetic energy 




















ଶ ൅ 12 ܬ߱௪
ଶ (3)
where m is the vehicle’s true static mass, v is the vehicle's linear velocity in m/s, ωw is the 
rotational velocity of tires in rad/s, and J is the rotational inertia of all rotating 
components calculated at the wheel. This energy can be expressed as a non-rotating 
energy of some equivalent mass such that the kinetic energy of this equivalent mass 




ଶ ൅ 12 ܬ߱௪
ଶ (4)
where me is the equivalent mass and is defined as the mass increase due to the angular 
moments of the rotating components of the vehicle. Substituting the rotational velocity in 
(4) with the vehicle’s linear velocity yields 
݉௘ ൌ ݉ ൅ ܬሺ 1ݎௗሻ
ଶ (5)
where rd is the vehicle’s wheel radius, which defines the ratio between the rotational 
velocity of the wheels and the vehicle's linear velocity. In order to calculate me, one must 
first calculate J and since the rotational inertia of all rotating components in a vehicle 
equals the sum of the rotational inertia of each component, all rotating parts must be 
considered. However, it should be taken into account that these calculations are 
impossible without knowing the weight, form, and dimensions of each rotating 
component. Another approach to calculating me is discussed in [21] and used extensively 
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in the literature [22]-[26]. In this approach, the equivalent mass increase caused by the 
angular moments of all rotating components in a vehicle is calculated using a rotational 
inertia factor, which is 
݉௘ ൌ  ൈ݉ (6)
where  is the rotational inertia factor or mass factor and is given by 
 ൌ 1 ൅ ܫௐܯݎௗଶ ൅
݅଴ଶ݅௚ଶܫ௉
ܯݎௗଶ  (7)
where Iw and Ip denote the total angular inertial moments of the wheels and rotating 
components associated with the power plant, respectively, and ig and io are the gear ratios 
of the transmission and the final drive, respectively. 
Calculation of the mass factor, δ, requires knowledge of the values of the mass 
moments of inertia of all rotating parts. If these values are not known, the rotational 
inertia factor for a passenger car can be estimated using the following empirical relation 
 ൌ 1 ൅ ଵ൅ଶ݅଴ଶ݅௚ଶ (8)
where δ1 represents the second term on the right-hand side of (7), with a reasonable 
estimate value of 0.04, and δ2 represents the effect of the power-plant-associated rotating 
parts, with a reasonable estimate value of 0.0025 [21]. Given these estimates and 
considering the product of the transmission and final drive gear ratio as the total gear 
ratio, (8) can be simplified to the following equation 
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 ൌ 1 ൅ 0.04 ൅ 0.0025ܩଶ (9)
These calculations yield the equivalent mass (me) of the entire car, rotating bits 
and non-rotating bits, as a function of its static mass (m) and total gear ratio (G). The 0.04 
term in (9) accounts for the effects of the wheels, and 0.0025G2 accounts for the rest of 
the drive train.  
After having calculated the equivalent mass of the vehicle, the equivalent 
rotational inertia of the vehicle can be calculated by taking into account the expression 
for kinetic energy in the rotational context, as well as the fact that the expression for 
kinetic energy in both the rotational and linear contexts is similar and that the two 
definitions are equivalent 
1
2݉௘ݒ
ଶ ൌ 12 ܬ௘௪߱௪
ଶ (10)
where Jew is the equivalent rotational inertia of the vehicle calculated at the wheels and 
can be expressed as  
ܬ௘௪ ൌ ݉௘ ݒ
ଶ
߱௪ଶ (11)
Since the vehicle's speed is directly proportional to the rotational velocity of the 
wheels by rd, the equivalent rotational inertia at the wheels can be written as 
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ܬ௘௪ ൌ ݉௘ݎௗଶ (12)
Note that this equivalent rotational inertia is calculated at the wheels. However, 
considering an EDV, the rotational velocity of the motor is related to the rotational 
velocity of the tires by G. Hence, one can easily calculate the equivalent rotational inertia 
on the motor side from (10) by substituting Jew with Jem, ߱w with ωm and taking into 




where ܬ௘௠ is the equivalent rotational inertia of a vehicle with an equivalent mass of ݉௘ 
calculated on the motor side. 
 
IV. VEHICLE DYNAMICS AND TEST BENCH STRUCTURE 
Modeling the dynamic behavior of an EDV on a test bench requires knowledge of 
physical aspects of the vehicle and test platform and the dynamic equation governing 
them. The dynamic equation of a vehicle in the rotational context can be expressed as 
௪ܶ െ ோܶ ൌ ܬ௘௪ ൈ ൬݀௪݀ݐ ൰ (14)
where Tw and TR are the DM and total resistive torques calculated at the wheels. Jew is the 
equivalent rotational inertia of the vehicle calculated at the wheels and is given by (12).  
An HIL test bench system consisting of a dynamometer, a DM and a flywheel is 
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considered an effective way to emulate the EDV behavior. Dynamometers are widely 
used in HIL implementations for emulating mechanical loads and evaluating the 
performance of electrical machines [27]-[31]. A dynamometer is an energy-absorbing 
device capable of applying a controlled load that varies under computer control to 
simulate different load scenarios. Electromechanical dynamometers are specialized types 
of adjustable-load drives that are best suited for automotive testing because of their 
responsiveness and power/torque capacity at high speeds. In a typical EDV test bench, 
both motors are coupled together and share a common shaft to which a large flywheel is 
attached. Figure 3 depicts an example of such a test system. 
 
 
Figure 3. Typical EDV test bench with flywheel. 
 
With this configuration, the dynamometer electric motor is used only for 
absorbing power and simulating the vehicle’s resistive forces, while the flywheel 
provides a fixed inertial mass and is utilized to simulate vehicle inertia. Use of a flywheel 
is a good candidate for emulating vehicle’s inertia effect because the magnitude of the 
acting torque on the flywheel is proportional to the rate of change of its rotational speed. 
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Although using a flywheel to simulate vehicle inertia tends to generate more accurate 
results in the final implementation, it is not preferred in many laboratory environments, 
mainly because of safety concerns. Another disadvantage of using a flywheel is the fact 
that each type of vehicle requires a different inertia and, hence, a different flywheel size, 
whereas flywheel disks come in discrete steps, and there is often a compromise among 
the number of disks, the smallest possible increment in inertia, and the maximum range 
of inertia that can be simulated [32]. Additionally, using a large flywheel with the same 
equivalent inertia as a vehicle can occupy a large space, and the weight of such mass can 
place a great deal of stress on the coupling and motor shafts. As an alternative, the 
flywheel can be eliminated by controlling the dynamometer to emulate both the rotational 
inertia effect of the flywheel and the resistive vehicle forces simultaneously. This 
provides a much safer environment for emulating EDVs and is more suitable in academic 
and industrial laboratories. The equivalent dynamic equation for a test bench with no 
flywheel can be expressed as 
஽ܶெ െ ஽ܶ௬௡௢ െ ൫ܤ஽ெ ൅ ܤ஽௬௡௢൯௠ ൌ ܬ௧௢௧௔௟ ൈ ൬݀௠݀ݐ ൰ 
ൌ ൫ܬ஽ெ ൅ ܬ௖௢௨௣௟௜௡௚ ൅ ܬ஽௬௡௢൯ ൈ ൬݀௠݀ݐ ൰ 
(15)
where ωm is the motor rotational speed, Jcoupling is the rotating inertia of the coupling, TDM 
and JDM are the torque and rotating inertia of the DM, and TDyno and JDyno are the torque 
and rotating inertia of the dynamometer motor, respectively. In addition, BDM and BDyno 
are the viscous coefficients of the DM and the dynamometer which represent friction 
losses of the test platform. 
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V. TEST BENCH SIMULATION MODEL 
One of the most significant elements in the development of an EDV test bench is 
the design of its control system, which must be capable of controlling both the DM and 
the dynamometer electric motor simultaneously under different driving scenarios. In this 
case, the aim is not only to follow the drive cycle profile but to control both motors in 
such a way that the contribution of torque from the dynamometer resembles the resistive 
forces acting on the actual vehicle, while simultaneously, the torque generated by the DM 
closely matches the DM torque of a real vehicle under different scenarios.  
In this section, the investigation of two different modes of EDV emulation and the 
design of a control strategy for each case is discussed; one uses a predetermined speed 
profile, or drive cycle, in which the resistive torque values are calculated for each step. 
The other uses a driver model in which the desired speed is calculated based on torque 
command input.  
 Case 1: Drive-Cycle Mode 
A.1 Control Strategy 
This case is used for simulating the EDV behavior on a predetermined drive 
cycle, where the speed at each instance is known and given as a drive cycle, allowing the 
required resistive torque value to be calculated from the speed profile. In this 
configuration, the reference for the vehicle’s translational speed is obtained from a 
predetermined drive cycle and translated into a required rotational speed, which is then 
given to the DM through a PI controller that ensures accurate speed tracking. The 
required dynamometer resistive torque is calculated directly from the speed trace using 
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the test bench and vehicle dynamic equations at each instance. Figure 4 depicts a block 
diagram view of such a system. 
 
 
Figure 4. Block diagram representation of the drive-cycle mode 
 
The dynamometer resistive torque can be obtained by substituting Tw from (14) 
into (15) and taking into account that (TDM=Tw/ηG), where η is the overall efficiency of 
the vehicle drive train to be emulated. This yields 
ሺܬ௘௪ ቀ݀௪݀ݐ ቁ ൅ ோܶሻ
ߟܩ െ ஽ܶ௬௡௢ െ ൫ܤ஽ெ ൅ ܤ஽௬௡௢൯௠ 
ൌ ൫ܬ஽ெ ൅ ܬ௖௢௨௣௟௜௡௚ ൅ ܬ஽௬௡௢൯ ൈ ൬݀௠݀ݐ ൰ 
(16)
Considering that motor speed is related to wheel speed by   (ωw=ωm/G), (16) can 








ߟܩ െ ஽ܶ௬௡௢ െ ൫ܤ஽ெ ൅ ܤ஽௬௡௢൯௠ 
ൌ ൫ܬ஽ெ ൅ ܬ௖௢௨௣௟௜௡௚ ൅ ܬ஽௬௡௢൯ ൈ ൬݀௠݀ݐ ൰ 
(17)
As a consequence, TDyno is given by 
஽ܶ௬௡௢ ൌ ோܶߟܩ െ ൫ܤ஽ெ ൅ ܤ஽௬௡௢൯௠ ൅ 




In this approach, it is assumed that the trace is always met and, hence, that the 
derivative of speed at each operating point can be mathematically computed from the 
drive cycle instead of the actual motor speed. In order to accomplish this in a real test 
bench, the DM and the dynamometer must both be capable of following the speed and 
torque profiles with minimum error and delay. If these requirements are met, this method 
allows the test bench to accurately simulate the dynamic changes of the vehicle for a 
certain driving schedule. The main drawback of this method is that, because the torque 
signal is calculated from the speed profile, the speed profile must always be known and 
given as a drive cycle, allowing the required resistive torque signal to be calculated. 
Therefore, this method cannot be used to simulate the behavior of an EDV for an 
unknown drive cycle.  
A.2 Modeling and Simulation 
This method was modeled and simulated in the Matlab/Simulink environment. In 
order to model the exact components of the experimental test bench, a simulation model 
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of a permanent magnet synchronous motor (PMSM) and a DC motor were used to model 
the DM and the electric dynamometer, respectively. A mechanical shaft model has been 
also used to simulate mechanical coupling between the two electric machines. In this 
model, the controller block is responsible for calculating the speed and resistive torque 
and synchronously controlling the motors to produce opposing torques. Figure 5 shows 
the simulation circuit used in Simulink to model the test bench system. 
 
 
Figure 5. Test bench simulation model of the drive cycle mode. 
 
In this model, the PMSM block resembles the DM of an EDV, while the DC 
motor acts as the electric dynamometer. Both PMSM and DC motor blocks consist of all 
the necessary sub-circuits for motor drive and speed/torque control. The controller block 
receives the speed reference from the driving schedule and converts the vehicle’s linear 
speed into the rotational speed of the motor, which is used as a reference speed for the 
PMSM. For this mode of operation, the PMSM is speed controlled; its controller receives 
the difference between the reference and actual speed and generates the desired torque 
signal. On the other hand, the dynamometer is torque controlled; it receives its torque 
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reference directly from the controller block, which calculates the resistive torque        
from (18). Figure 6 shows the control block circuit configuration. 
 
 
Figure 6. Control block for the drive-cycle mode of operation. 
 
K1 is a constant for converting the translational speed of the vehicle in mile/h to 
m/s and K2 is a constant whose value depends on the inertia of the motors and their 
coupling as well as the vehicle equivalent rotational inertia. The function of the switch 
after the comparison block in the control unit is to prevent the DC motor from applying a 
resistive torque when the speed is zero. This insures that when there is no speed, the 
calculated resistive torque is forced to zero, thus preventing either motor from producing 
any torque. The reason for this is that the vehicle’s dynamic equation always includes a 
resistive torque (rolling resistance), even when the vehicle is stationary. So even if the 
speed command is zero, the calculated resistive torque will still have a negative value 
equal to the rolling resistance torque. On the other hand, because the DM is speed 
controlled, it is forced to produce a positive torque in order to oppose the resistive torque 
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and maintain the speed at zero. This results in an inaccurate balance of energy compared 
to an actual EDV, where the produced torque of the DM is zero when the vehicle is 
stationary.  
In order to investigate the effectiveness of the drive-cycle method, a simulation 
was carried out in Matlab/Simulink using the simulation model shown in Figure 5. The 
vehicle and test bench parameters used for this simulation are presented in Table I, and 




Vehicle and Test Bench Specifications 
Value Parameter 
400 kg Vehicle mass (m) 
1.22 kg/m3 Air Density(a) 
0.19 Aerodynamic drag coefficient (Cd) 
1.6 m2 Frontal area (Af) 
0.01 Rolling resistance coefficient (fr) 
0.28 m Wheel radius (rd) 
0 Alpha (α) 
2.3 Overall gear ratio (G) 
0.016 kgm2 DM inertia (JDM) 
0.019 kgm2 Dynamometer motor inertia (JDyno) 
0.003 kgm2 Coupling inertia ( Jcoupling) 
33.029 kgm2 Equivalent Vehicle Rotational Inertia (Jew) 
90 % Vehicle drive train overall efficiency (η) 
0.0086 N.m/(rad/s) DM viscous coefficient (BDM ) 


















Figure 7. Simulation results for the drive-cycle mode. (a) PMSM torque. (b) DC motor 
torque. (c) Reference speed and actual shaft rotational speed. 
 











































Figure 7(c) indicates that the vehicle followed the UDDS cycle with minimum 
errors. As expected, the resistive torque generated by the DC motor was found to be 
opposing the applied torque with the same deviations and almost the same amplitude. The 
results also indicated that when the speed increased, the PMSM provided a positive 
torque, while a decrease in speed resulted in a negative torque. The maximum torque 
required to complete this cycle was found to be approximately 92 N.m for this vehicle.  
  Case 2: Driver Mode 
B.1 Control Strategy 
In order to simulate the behavior of an EDV on a test bench for an unknown drive 
cycle, a different mode of operation is investigated. This method is useful when the 
behavior of the vehicle is analyzed directly from the torque command given by the driver. 
In this case, the input reference signal is a varying torque signal that is applied directly to 
the DM, with the aim of producing the resistive torque such as to obtain the exact speed 
profile of a real vehicle. For this case, the DM is torque controlled, and the dynamometer 
is speed controlled. A block diagram implementation of such a system is presented in 
Figure 8.  
The desired vehicle speed can be derived from the equivalent vehicle dynamic 
equation in the rotational context given in (14) by replacing Tw with ηGTDM. This yields 





Figure 8. Block diagram representation of the driver mode. 
 
Taking into account the relationship between the rotational velocity of the motor 
and tires, the desired motor speed can be calculated as 
௠ ൌ ܩܬ௘௪ නሺߟܩ ஽ܶெ െ ோܶሻ ݀ݐ (20)
The calculated motor speed then is used as a command to the dynamometer, 
which is operated in speed control mode. With this approach, actual vehicle driving 
conditions can be achieved as a result of the interaction between the dynamometer and 
the DM. 
B.2 Modeling and Simulation 
For this mode of operation, the same simulation model presented in Figure 5 was 
used, with the difference being that this time, the PMSM was torque controlled and the 
dynamometer was speed controlled. The PMSM receives its torque reference from the 
driver pedal position, and the control block generates a speed command that is fed to the 
DC motor, which is responsible for maintaining the overall speed equal to the calculated 
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speed. The simulation circuit used in Simulink to implement this method is shown in 
Figure 9. The control block circuit configuration for this method is also shown in Figure 
10. Once again, the function of the switch block in the control unit is to insure the correct 
balance of energy by eliminating the rolling resistance term, thereby preventing the 
dynamometer from applying a resistive torque when the speed is zero. 
 
 








In order to validate and compare the results of this method with those obtained 
using the previous method, the torque input reference was reconstructed using the same 
torque values obtained from the drive-cycle method given in Figure 7(a). The simulation 
was carried out for one UDDS cycle using the test bench model shown in Figure 9 with 
the same vehicle and test bench parameters as provided in Table I. Figure 11 shows the 







Figure 11. Simulation results for the driver mode. (a) PMSM reference and actual torque. 
(b) DC motor torque. (c) Actual shaft rotational speed. 
































Figure 11. Simulation results for the driver mode. (a) PMSM reference and actual torque. 
(b) DC motor torque. (c) Actual shaft rotational speed. (cont.) 
 
Comparing Figure 11(c) to the UDDS reference motor speed in Figure 7(c) shows 
that the actual system speed obtained from this simulation is the same as the equivalent 
motor speed profile of the UDDS cycle. This implies that if the torque profile in Figure 
7(a) is applied to this model, the resulting vehicle speed will be the same as the UDDS 
speed profile. Comparing Figures 7(b) and 11(b) also reveals that the resistive torque 
produced by the dynamometer for both methods is the same. This indicates a duality 
between these two systems; one emulates the vehicle’s resistive forces from the speed 
profile as input, and the other produces a similar speed profile from the same torque 
reference as input. 
 
VI. SIMULATION  MODEL COMPARISON 
In most cases, the results obtained from one method of simulation should be 
validated by other known methods to verify the effectiveness and correctness of the 
results. To validate the results obtained from the Matlab/Simulink simulation model, a 














vehicle with the same vehicle specifications as those provided in Table I was designed 
and simulated in ADvanced VehIcle SimulatOR (ADVISOR) [33], [34]. The results of 
the DM torque obtained from ADVISOR were compared to the results of the torque 
generated by the DM of the simulation model. Figure 12 shows the comparison between 
the ADVISOR-simulated DM torque and the respective PMSM torque measurements 
shown in Figure 7(a) and obtained from the Matlab/Simulink model. 
 
 
Figure 12. DM torque comparison between ADVISOR and the Matlab/Simulink model. 
 
Figure 12 indicates that the torque measurements produced by ADVISOR and 
Matlab/Simulink closely follow the same path. Slight mismatches exist, however, due to 
the limitations imposed by ADVISOR on motor and powertrain control. Also, noticeable 
differences exist in the negative torque values where the electric motor absorbs energy 
and the vehicle applies regenerative braking [35]. This is due to the fact that in a real 
vehicle operating in regenerative braking mode, only part of the energy can be absorbed 
by the electric motor, and the rest is wasted through mechanical brakes. As a result, 


















ADVISOR sets braking limitations, which is not the case for the proposed test bench 
model because no mechanical brakes are present. 
 
VII. EXPERIMENTAL TEST BENCH 
Figure 13 shows the experimental test platform used in this paper, and Figure 14 
shows the overall block diagram of the hardware system. The architecture is based on 
real-time simulation and execution of the HIL system and consists of two motors on a 
common shaft. The experimental arrangement consists of a 15 kW, 6-pole PMSM 
representing the DM, which is connected to a 15 kW DC machine acting as the 
dynamometer to emulate road load and vehicle inertia. 
 
 




Figure 14. Block diagram of the test system. 
 
The need for real-time communication is satisfied by means of a Controller Area 
Network (CAN) bus. The experimental test platform uses CANopen protocol to integrate 
all of the elements and assure synchronous distribution of reference speed and torque 
commands, as well as to read back the actual speed and torque. With the CAN bus data 
rate set at 500 Kbps, a 10ms update rate is achieved to command and monitor all 
variables. 
System supervisory control is achieved by MotoHawk, a controls system 
application development tool based on the MPC5553 processor that offers fast 
development cycle times and high flexibility. It allows the designer to build the vehicle 
model, directly implement any system control created in Matlab/Simulink using 
embedded control modules, and perform real-time simulation modeling. To emulate on-
road operating conditions for the PMSM, speed and torque commands are calculated 
from the mathematical model of vehicle dynamics, road load, and equivalent vehicle 
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rotational inertia. The MotoHawk controller then changes the operating point of the 
dynamometer and DM continuously via CAN and sends synchronous speed and torque 
signals to the two drives at each instance, allowing exact interaction between the DM and 
the dynamometer to ensure accurate simulation results. 
LabVIEW is used as a graphical user interface (GUI) that allows the user to 
define the mode of operation between driver and drive-cycle modes at the start of 
simulation and also to determine the configuration of the vehicle to be simulated. Using 
LabVIEW, real-time system monitoring is also achieved through a National 
Instruments™ CAN-board (NI-CAN) connected to the CAN bus. 
A Bitrode model FTF battery emulator with full regenerative capability is used as 
a high-power DC source for the PMSM drive. The Bitrode battery emulator is controlled 
via CAN to represent real vehicle batteries, allowing the PMSM drive to operate in 
regenerative mode for better control and more accurate speed tracking. 
 
VIII. EXPERIMENTAL RESULTS 
To verify the overall performance of the system and validate the effectiveness of 
the implemented control approach, two experiments were conducted using the test 
platform shown in Figure 13. The experimental tests were performed with the following 
two aims: 1) to validate that the test bench could indeed meet real-time performance 
constraints using this approach and 2) to compare the accuracy of the experimental 
results with the results obtained from simulation. Consequently, the vehicle parameters 
chosen in LabVIEW were the same as those provided in Table I. The first test was 
performed in drive-cycle mode using the UDDS drive cycle. The second test was 
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executed in driver mode, and for comparison purposes, the PMSM torque results obtained 
from the first test were used as the torque reference input instead of a driver-generated 
torque command. The experimental results for both modes of operation are illustrated in 
Figures 15 through 18.   
 
 










Figure 17. Experimental results of PMSM torque for driver mode of operation. 
 
 
Figure 18. Experimental results of actual speed for driver mode of operation. 
 
Figure 15 shows the reference and actual shaft speed for a complete drive cycle 
under test bench operation in drive-cycle mode. Clearly, the speed command is followed 
throughout the driving cycle, with only minor deviations. Figure 16 shows the actual 
torque generated by the PMSM to cancel the DC motor resistive force and maintain the 
speed equal to the desired reference speed. The PMSM torque obtained from Figure 16 
also was used as a reference torque for the second experiment.   Figure 17 shows the 
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actual PMSM output torque measured for the driver mode of operation, and Figure 18 
shows the resulting shaft speed. 
Comparing Figure 15 with Figure 18 and Figure 16 with Figure 17 reveals that the 
overall profile of the resulting shaft speed and PMSM torque were almost the same under 
both operating modes. Although the system seemed to follow both the speed and torque 
commands for both cases, it must be noted that the smallest mismatch between the actual 
speed and generated torque with respect to time can lead to simulation conditions that do 
not adequately represent on-road operation.  Therefore, in order to more precisely 
determine the accuracy of the results, the experimental waveforms were compared with 
those obtained from simulation by plotting the difference between the experimental and 
simulation results versus the simulation results. Linear curve fitting was used to illustrate 
the similarity between the experimental and simulation results. The slope and offset of 
the fitted linear curve served as a good indicator of how closely the experimental results 
matched the respective simulation results. 
The analysis method employed was based on the fact that for an ideal case in 
which the experimental and simulation results match exactly, the plot of the experimental 
results versus the simulation results would be a straight line with a slope of one. 
Similarly, the plot of the difference between the experimental and simulation results 
versus the simulation results would be a straight line with a slope and offset of zero [36]. 
Figures 19 and 20 show the analysis used to indicate the difference between the 
experimental and simulation results of PMSM torque and shaft speed for both modes of 








Figure 19. Experimental and simulation data differences for motor speed.                       




Figure 20. Experimental and simulation data differences for PMSM torque.                    
(a) Drive-cycle mode. (b) Driver mode. 








































































Figure 20. Experimental and simulation data differences for PMSM torque.                     
(a) Drive-cycle mode. (b) Driver mode. (cont.) 
 
Figures 19 and 20 indicate that the simulation and experimental results matched 
very closely under both modes of operation. The linear fit for the speed and PMSM 
torque of each case shows a very small slope and offset, indicating a very small 
difference between the simulation and experimental results. However, the results 
provided in Table II indicate that the experimental results obtained from the test bench 
more closely matched their respective simulation results for the drive-cycle mode of 
operation. Most of the difference between the experimental and simulation results for the 
driver mode occurred because under this mode of operation, the reference torque is 
extracted from the drive-cycle mode, which itself contains small deviations from its 
simulation results. Based on these results, the overall effectiveness of the control 
approach is validated, and this method of EDV emulation can be considered a flexible 
and accurate approach applicable to different vehicles with different specifications using 
an HIL motor/dynamometer setup.  
 
 



























Analysis of Differences Between Experimental and Simulation Results 
Linear Fit 



















A new approach for emulating the behavior of EDVs was proposed based on 
equivalent vehicle rotational inertia. The method used to properly map the linear inertia 
of a vehicle to an equivalent rotational inertia was described in detail, and an expression 
for the equivalent rotational inertia of a vehicle was derived analytically. Using this 
expression, two different methods by which to emulate the behavior of EVDs on a test 
bench consisting of a motor/dynamometer set were investigated, and a control approach 
was developed for each case. Each control approach was simulated using the test bench 
simulation model, and the accuracy of the results was validated using the ADVISOR 
software. Moreover, each method was applied to the experimental test platform, and the 
results were compared to the simulation results to verify the effectiveness of this 
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II EV Braking Emulation Using a Hardware-in-the-Loop (HIL) 
Motor/Dynamometer Test Bench 
Abstract— This paper provides a new approach for emulating electric vehicle 
(EV) braking performance on a motor/dynamometer test bench. The brake force 
distribution between regenerative braking and friction braking of both the front and rear 
axles are discussed in detail. A brake controller is designed, which represents a very close 
model of an actual EV braking system and takes into account both regenerative and 
friction braking limitations. The proposed brake controller is then integrated into the 
controller of an EV Hardware-in-the-Loop (HIL) test bench, and its performance is 
validated in real-time. The effect of adding the brake model is further investigated by 
comparing the experimental HIL energy consumption results to those obtained from 
ADvanced VehIcle SimulatOR (ADVISOR). 
 
I. INTRODUCTION 
Energy crisis, global warming, and environmental pollution have forced the 
developed countries to focus more progressively on a new generation of clean 
transportation. Electric vehicle (EV) technology, as a viable solution to clean 
transportation, is becoming the leading developmental trend of most major automotive 
companies. At the same time, a lot of research is made towards the design and control of 
EV powertrain components to maximize performance, efficiency, and to extend the 
driving range of these vehicles. Research and advancement of this cutting edge 
technology and the need to obtain accurate predictions of powertrain performance, 
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without the implications associated with manufacturing, has led to the use of Hardware-
in-the-loop (HIL) simulations. This method of emulation is considered a necessary tool in 
the study and implementation of EVs and allows for accurate verification and testing of 
developed control and energy management strategies. 
An EV HIL test bench setup is typically composed of the vehicle drive motor 
(DM), which is coupled to a dynamometer through a shaft. A dynamometer is an 
adjustable load-drive capable of applying a controlled load in the form of torque or 
rotating force. Dynamometers are widely used in HIL implementations and are suited for 
automotive testing because of their responsiveness and power/torque capacity at high 
speeds. A number of articles in the literature have focused on EV emulation using HIL 
setups [1], [2]. Some works have focused on the comparison of different motors and 
energy analysis for electric drive vehicle concepts. Others have focused on evaluation of 
electric motor performance for different drive cycles [3], [4].  
One of the most significant elements in the development of an EV test bench is 
controlling both the DM and the dynamometer electric motor simultaneously under 
different driving scenarios, thus providing an accurate model of the actual vehicle under 
study. Furthermore, to accurately emulate the behavior of an EV on a test bench and 
provide a realistic model, all characteristics of the vehicle should be considered. One 
inherent feature of EVs is regenerative braking [5]-[7]. This capability allows the electric 
motor to operate as a generator alongside friction braking and absorb excess energy while 
the vehicle is decelerating. Regenerative braking is an effective approach that improves 
vehicle efficiency, especially in heavy stop and go traffic [8]. The amount of energy 
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returned to the battery through regenerative braking can substantially extend the vehicle 
driving range [5]. 
The effect of vehicle braking and brake force distribution between regenerative 
and friction braking has been thoroughly studied in the literature and different simulation 
models have been proposed [7], [9]-[15]. Some experimental work have also been 
conducted on vehicle braking emulation using hardware setups [16]-[20]. However, in 
most cases either an actual vehicle is used to test the braking performance or in the case 
of using a test bench, only the braking performance of the vehicle is studied and a 
realistic representation of vehicle dynamics is not considered. As a result, modeling EV 
braking system on a motor/dynamometer HIL test bench that also incorporates vehicle 
dynamics has never been considered before. Therefore, to provide a more realistic 
approach towards EV emulation, a need to integrate an accurate model of EV 
regenerative and friction braking into a HIL test bench control system is of great 
importance.  
This paper extends the authors’ previous research in [21] and [22] on emulating 
on-road operating conditions for EVs using a HIL motor/dynamometer setup. In the 
previous work, the behavior of an EV was emulated by calculating the resistive forces of 
an actual vehicle and controlling the motor/dynamometer set to represent an accurate 
model of EV performance for different scenarios. The current study provides a new 
approach for modeling and integration of EV braking system on the existing 
motor/dynamometer setup while taking into account the limitations imposed by friction 
and regenerative braking. The new model not only provides a comprehensive and more 
realistic approach towards emulating EV performance on a motor/dynamometer test 
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bench, but can further be used in efficiency and energy consumption analysis studies 
related to these vehicles. The brake dynamic emulation is achieved by controlling the DM 
to follow the required drive cycle profile while taking into account its regenerative 
braking capabilities and controlling the dynamometer motor to emulate both the friction 
braking effect as well as the resistive forces acting on the actual vehicle.  
This paper is organized as follows. In Section II, EV braking forces are explained. 
In Section III, the fundamentals of EV brake system design are discussed. Brake force 
distribution between the front and rear axles followed by proper distribution of brake 
force between the electric motor and friction braking is also explained in this Section. In 
Section IV, the HIL motor/dynamometer test bench structure for emulating EV 
performance is presented which is also used to implement the proposed braking model. A 
braking model is developed in Section V. The developed model is integrated into the 
controller of the existing HIL setup in Section VI and experimental results are presented 
in Section VII to validate its effectiveness. In Section VIII a case study is presented to 
highlight the importance of considering braking on vehicle energy analysis for HIL test 
bench studies. Finally, in Section IX, conclusions are drawn. 
 
II. EV BRAKING FORCES 
The total braking force of an EV is made up of two terms; regenerative braking 
force of the electric motor, and friction braking force of the wheels. Regenerative braking 
is a key feature of EVs that allows the vehicle to recover significant amounts of energy 
during braking and store it in the energy storage system for future use. This inherent 
advantage is considered an effective method to improve the driving range [5], [10]. 
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Energy recovery through regenerative braking is accomplished by controlling the electric 
motor to operate as a generator and converting the kinetic or potential energy of the 
vehicle’s mass into electric energy [23]. In this case, only the driven axle is effective 
during regenerative braking.  
During most heavy braking situations the required braking force to decelerate, or 
stop the vehicle, is much greater than the resistive force produced by the electric motor. 
As a result, the majority of the braking energy must be absorbed by the friction brake 
system [24]. Therefore, in order to allow brake energy recovery while ensuring braking 
performance, both regenerative and friction braking have to coexist together 
 
III. BRAKE FORCE DISTRIBUTION 
One of the most important concerns affecting vehicle safety is the braking 
performance. The two fundamental design considerations for EV braking system are: (1) 
To quickly reduce the vehicle speed by applying sufficient braking force while 
maintaining the stability and controllability of the vehicle direction, and (2) To maximize 
the ability to recover as much braking energy as possible to improve the overall vehicle 
efficiency and therefore, extend the driving range. The former requires proper brake force 
distribution between the front and rear axles, while the latter requires a proper 
distribution of brake force between the electric motor and the friction braking system.  
Advancement and development of new braking mechanisms such as 
electromechanical brakes (EMB) [25]-[27] have made it possible to implement and 
control brake force distribution. This braking system is also considered to be essential in 
the development of regenerative braking control for electric and hybrid electric vehicles 
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[28]. The EMB technology uses an electric motor to generate braking force and oppose to 
hydraulic brakes it allows accurate brake force control on each wheel [29], [30].  
 Brake Force Distribution Between Front and Rear Axles 
In order to achieve the shortest braking distance while ensuring maximum braking 
stability of the vehicle under various road conditions, proper allocation of the total 
braking force between the front and rear axles is essential. Not complying with this 
requirement will result in either the front or the rear wheels to lock sooner than expected 
and may lead to loss of stability or directional control. In the case where the rear wheels 
lock first, the vehicle will be prone to directional instability and a slight lateral movement 
of the rear end of the vehicle will result in swinging and eventually loss of vehicle 
control. On the other hand, the lockup of the front wheels does not cause directional 
instability but results in a loss of directional control which may be regained by partial 
release of the brakes [23].  
In order for the front and rear wheels to obtain their maximum braking force and 
lock simultaneously under various road conditions, braking theory and design principles 
emphasize on distribution of total brake force between rear and front wheels in 
accordance with a nonlinear hyperbolic curve referred to as the ideal braking force 
distribution curve or I curve. The ideal braking force distribution curve can be calculated 
by considering the load transfer from the rear axle to the front axle during braking. Based 
on the vehicle body specifications this distribution is given by [31], [32] 
ܨ௕௙ ൌ





where m is the vehicle mass, L is the vehicle wheel base, hg is the gravity center height of 
the vehicle, La is the length from the vehicle’s center of gravity to the front axle, and Fbf 
and Fbr are the braking forces acting on the front and rear wheels, respectively. 
The resulting I curve is depicted in Figure 1 for a typical vehicle. If the brake 
force distribution between the front and rear axle follows the ideal distribution curve, the 
front and rear wheels will be locked simultaneously and maximum brake performance 
and stability of the vehicle is achieved. If the ratio of the braking force is above the ideal 
curve, the rear wheels will be locked earlier than the front wheels. Otherwise, if the 
operating point falls below the ideal distribution curve, the front wheels will be locked 
prior to the rear wheels.   
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 Brake Force Distribution Between Regenerative and Friction Braking 
Another concern for the EV brake system design is proper allocation of brake 
force between the friction brakes and the regenerative braking of the electric motor. In 
practice, regenerative braking should be applied to recapture as much energy as possible 
without compromising the vehicle stability and controllability. As far as EV driving and 
braking operations are concerned, the most important issue is safety [33]. Therefore, 
brake force control strategy and coordination of motor resistive torque with friction 
braking force plays an important role in both brake energy recovery and vehicle stability. 
Taking into account motor limitations and the fact that only the driven axle is effective 
during regenerative braking, the brake controller is responsible for balancing the 
regenerative and friction braking force. The brake controller is designed to maximize 
regenerative braking and to minimize the amount of kinetic energy lost to heat and 
friction. 
When coordinating EV braking and calculating regenerative braking share, two 
main limitations should be considered. The first limitation is the maximum regenerative 
braking capability which is usually determined by the braking torque capability of the 
electric motor while operating as a generator [11]. This limitation affects maximum 
energy recovery during harsh deceleration of the vehicle. The other limitation which 
plays an important role particularly when considering efficiency and energy consumption 
is the inability of the electric motor to charge the vehicle battery at low speeds. During 
deceleration, regenerative braking employs the back electromotive force (EMF) of the 
motor which can be considered as a voltage source to recharge the battery [19]. However, 
at low speeds due to the insufficient back EMF voltage generated by the electric motor, 
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the regenerative braking process is no longer effective. The low speed threshold depends 
on the type and specifications of the electric motor and the energy storage used within the 
vehicle. Although operating in regenerative mode at speeds below this threshold the 
electric motor is still capable of applying a resistive torque to slow down the vehicle, 
however, it is not capable of harvesting this energy. Hence, current is drawn from the 
energy storage resulting in further depletion of the vehicle energy storage system.  
To more clearly analyze the effect of motor regenerative braking at low speeds an 
experiment was performed using a motor/dynamometer set. In this test the electric motor 
resembling the DM of the vehicle was connected to a bi-directional DC source and 
operated as a generator to emulate regenerative braking effect of a vehicle during 
deceleration. The DM was controlled to linearly reduce the shaft speed from 1750 rpm to 
a full stop. At the same time the dynamometer was controlled to provide a fixed torque of 
50 Nm to represent the resistive forces acting on a vehicle as well as the inertial force of a 
moving vehicle during deceleration. It should be noted that calculating vehicle resistive 
forces is a more complex process discussed in section IV and cannot be considered 
constant for different speeds. However for the sake of simplicity this test was executed 
assuming a constant resistive force to show the DM regenerative braking capability 
during low speed operation. The results of this experiment are shown in Figures 2 and 3. 
It can be seen that while the dynamometer is controlled to produce a constant 
torque, the DM reduces the shaft speed from 1750 rpm by producing an opposing torque. 
Figure 3 shows that during this period the DM DC current is negative until point A, 
indicating that current is being pushed back into the energy source. The shaft speed at 
point A is almost 200 rpm. However, at speeds below point A positive current is drawn 
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from the energy storage to resist the dynamometer torque and bring the shaft speed to 
zero. Assuming a fixed DC bus voltage throughout the simulation, the area below 
positive values of current (area B), represents energy loss during regenerative braking. 
This indicates that below a certain speed, regenerative braking is not capable of energy 
harvesting and can have a negative impact on the overall efficiency of the vehicle.  
 
 
Figure 2. Experimental results of DM and dynamometer generated torque. 
 
 






















































Although the energy loss during regenerative braking is small compared to the 
energy gained prior to point A, however, when longer driving times with frequent 
braking at lower speeds are considered, it would have a significant impact on energy 
consumption and range of the vehicle. As a result, in an actual EV, when the wheel speed 
is lower than a given threshold, braking is completely performed by the friction brakes 
and the electric motor is controlled to produce no braking force. The boundaries for 
maximum regenerative braking capability and low speed operation are shown in Figure 4. 
 
 
Figure 4. Boundaries for regenerative braking capability. 
 
IV. PREVIOUS MOTOR/DYNAMOMETER TEST BENCH STRUCTURE AND ITS 
LIMITATIONS 
Figure 5 shows the block diagram representation of the test platform used in [21] 
to emulate EV performance on a predetermined drive cycle. The architecture is based on 
real-time simulation and consists of two motors on a common shaft. The controller block 
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diagram for this setup is depicted in Figure 6 and is also used in this paper to implement 
the brake controller.  
 
Figure 5. Block diagram representation of the EV test bench [21]. 
 
 
Figure 6. Controller block for the EV test bench. 
 
In this configuration, the reference for the vehicle’s translational speed is obtained 
from a predetermined drive cycle and is translated into a required rotational speed, which 
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is then given to the DM through a PI controller that ensures accurate speed tracking. The 
required dynamometer resistive torque (TDyno) is calculated directly from the speed trace 
using the test bench and the vehicle dynamic equations at each instance and is given      
by [21] 
஽ܶ௬௡௢ ൌ ோܶߟܩ െ ൫ܤ஽ெ ൅ ܤ஽௬௡௢൯௠ ൅	൬
ܬ௘௪
ߟܩଶ െܬ௥௢௧௔௧௜௢௡൰ ൈ ൬
݀௠
݀ݐ ൰  (2)
where ωm is the motor rotational speed, G and η are the total gear ratio and overall 
efficiency of the vehicle drive train to be emulated, Jrotation is the rotating inertia of all the 
rotating components of the system, which includes the rotating inertia of the DM, 
dynamometer, and the coupling. In addition, BDM and BDyno are the viscous coefficients of 
the DM and the dynamometer which represent friction losses. TR is the total resistive 
torque calculated at the wheels, and is calculated from the resistive forces acting on the 
vehicle [22]. Knowing the vehicle specifications TR  is given by 
ோܶ ൌ
݉݃ ௥݂ cos൅12 ௔ܥ஽ܣ௙ሺܸ ൅ ௐܸሻଶ ൅ ݉݃ sin
ݎௗ  
(3)
where m is the vehicle mass, fr is the rolling resistance coefficient, α is the ground slope 
angle, V is the vehicle speed in m/s, CD is the aerodynamic drag coefficient that 
characterizes the shape of the vehicle’s body, Vw is the wind speed on the vehicle’s 
moving direction, Af is the frontal area of the vehicle, and a is the mass density of air. 
Also, rd is the vehicle’s wheel radius, which also defines the ratio between the rotational 
velocity of the wheels and the vehicle's linear velocity. 
68 
 
Jew is the equivalent rotational inertia of the vehicle, which is discussed in detail 
in [34]. This term corresponds to the amount of flywheel inertia that has the same stored 
energy as a moving vehicle with a known mass when rotating at the same rotational 
speed as the vehicle’s electric motor and is given by 
ܬ௘௪ ൌ ሺ1 ൅ 0.04 ൅ 0.0025ܩଶሻ ൈ ݉ ൈ ݎௗଶ (4)
The experimental motor/dynamometer test platform used both in [21] and in this 
paper is shown in Figure 7. The experimental arrangement consists of a 15 kW, 6-pole 
permanent magnet synchronous motor (PMSM), which represents the DM. The PMSM 
shaft is connected to a 15 kW DC machine fed by a 4-quadrant chopper acting as the 
dynamometer to emulate road load, vehicle inertia, and friction braking force.  
The PMSM drive is connected to a high power bi-directional DC sources with full 
regenerative capability allowing it to transferring back energy to the energy storage 
during regenerative braking. LabVIEW software is used to perform real-time simulation 
by building the vehicle model and executing the commands in real time using an on-
board PC processor. To emulate on-road operation conditions for the DM, speed and 
torque commands are calculated from mathematical models of vehicle dynamics, road 
load, and vehicle inertia effects according to the drive cycle profile. The controller then 
changes the operating point of the dynamometer and the DM continuously and sends 
synchronous speed and torque signals to the two drives at each instance allowing exact 





Figure 7. Motor/dynamometer experimental setup. 
 
 
V. DECISION LOGIC OF BRAKE CONTROLLER  
In order to accurately emulate EV braking performance on a motor/dynamometer 
HIL setup, first the braking control strategy should be defined so that it represents a very 
close model of an actual EV braking system. In this paper, a front wheel-drive 
configuration is considered. As a result the braking forces on the front axle consist of 
motor regenerative braking as well as front wheel friction brakes, while the rear axle 
braking force only consists of rear wheel friction brakes. 
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Since the EV HIL setup under study is designed to follow a standard drive cycle, 
the required DM torque can be calculated from the vehicle and test bench dynamic 
equations at each instance [22]. Based on the control model of Figure 6, the desired DM 
torque to ensure accurate speed tracking is given by 





The calculated DM torque from (5) is used as an input reference to the brake 
controller. As long as this torque is positive, the brake controller is inactive. As soon as 
the calculated DM torque is negative the brake controller calculates the required braking 
torque on the front and rear axles according to the ideal braking curve distribution. It 
should be noted that the brake torque distribution follows the same trend as the brake 
force distribution given in (1) and brake torque and force are related to each other by 
vehicle wheel radius. As long as the front axle’s share is within the motor capabilities and 
the motor speed is above the low speed threshold, the front axle’s share of the braking 
force is met solely by the DM. At speeds below the threshold, the brake controller 
gradually decreases the regenerative braking share of the DM and at the same time, 
increases the friction braking share of the front wheels. A flowchart representation of the 
brake controller is shown in Figure 8. 
 
VI. INTEGRATION OF THE BRAKING CONTROL STRATEGY INTO HIL SETUP 
The proposed controller for the motor/dynamometer test bench platform shown in 
Figure 7 does not take into account the effect of friction braking. In this model, it is 
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assumed that the only means of deceleration is the regenerative braking force of the DM. 
Also, there are no limitations on the regenerative braking capabilities of the DM. In order 
to consider the effect of friction brakes and present a comprehensive EV emulation 
controller suitable for any motor/dynamometer test bench, the brake controller of    
Figure 8 is integrated into the previous EV HIL controller shown in Figure 6.  
 
 
Figure 8. Flow chart representation of the brake controller. 
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This is achieved by subtracting the total friction braking term, calculated by the 
brake controller, from the original dynamometer torque reference. The reason for this is 
that during deceleration and in regenerative braking mode, the DM is providing opposing 
torque to reduce the shaft speed, which is proportional to vehicle speed. At the same time, 
the dynamometer is controlled to provide a torque in positive alignment with the shaft 
rotational direction, hence, emulating the available kinetic energy of the vehicle and 
assisting vehicle movement. As a result, since friction brake force is also considered as a 
resistive force opposing vehicle movement, friction braking effect can be realized by 
subtracting the calculated friction braking torque from the torque produced by the 
dynamometer during deceleration. Therefore, after the brake controller calculates the 
required friction braking on the rear and front axles with regards to the ideal braking 
curve and motor regenerative braking capabilities, the sum of the front and rear axle 
friction braking is subtracted from the original dynamometer torque command. The 
complete motor/dynamometer controller block diagram containing the brake controller 
block is shown in Figure 9.  
 
VII. EXPERIMENTAL RESULTS AND VALIDATION 
To verify the overall performance of the system and validate the effectiveness of 
the implemented control approach, two experiments were conducted using the HIL 
experimental setup of Figure 7. The vehicle and test bench parameters used for both tests 
are presented in Table I. Each test was performed for the duration of 510 seconds of the 





Figure 9. Modified control block for the EV test bench. 
 
Table I 
Vehicle and Test Bench Specifications 
Value Parameter 
600 kg Vehicle mass (m) 
1.22 kg/m3 Air density(a) 
0.19 Aerodynamic drag coefficient (Cd) 
1.6 m2 Frontal area (Af) 
0.01 Rolling resistance coefficient (fr) 
0.28 m Wheel radius (rd) 
2.6 Overall gear ratio (G) 
0.038 kgm2 Inertia of all the rotating components (Jrotation) 
33.029 kgm2 Equivalent Vehicle Rotational Inertia (Jew) 
95 % Vehicle drive train overall efficiency (η) 
0.0086 N.m/(rad/s)DM viscous coefficient (BDM ) 
0.0133 N.m/(rad/s)Dynamometer viscous coefficient (BDyno ) 
0.95 m Distance from center of gravity to the front axle (La) 
0.5 m Gravity center height (hg) 





The first test was performed using the original control model of Figure 6 without 
taking into account the friction braking effect. The results for this case are illustrated in 
Figure 10. The second test was executed considering the brake distribution between 
regenerative braking and friction braking of the front and rear axles and using the 
modified control block diagram of Figure 9. For this case, the maximum regenerative 
braking limit was assumed to be -50 Nm and the motor low speed limit was chosen to be 
200 rpm based on the DM specifications. The experimental results for this case are 






Figure 10. Experimental results without the brake controller (a) Reference and actual DM 
speed (b) DM torque. 





































Figure 11. Experimental results with the implemented brake controller (a) Reference and 
actual DM speed (b) DM torque. 
 
Comparing the results from Figures 10(a) and 11(a), it can be seen that for both 
cases the vehicle follows the drive cycle precisely and only minor speed variations from 
the reference speed exist for both cases. From Figure 10(b), it is concluded that the 
required maximum DM regenerative torque to meet the drive cycle deceleration needs is 
approximately -86 Nm for this vehicle. However, as seen in Figure 11(b), it is clear that 
due to the presence of the brake controller, the distribution of friction braking and 
































regenerative braking is controlled such that the motor regenerative braking torque is 
limited to the preset value of -50 Nm. Also, since the shaft speed is the result of the 
interaction between the DM and the dynamometer torque, a lower DM torque indicates 
that the dynamometer share of positive torque is also reduced to compensate for the effect 
of friction braking while the vehicle is decelerating.  
The DM regenerative braking torque and total friction braking share of both axles 
are also shown in Figures 12 and 13. These results show the effectiveness of the brake 
controller in accurately allocating the required brake power between friction and 
regenerative braking. It is also observed that while the DM regenerative torque is limited 
to -50 Nm, for values more than this limit, total friction brake torque is used to meet the 
drive cycle deceleration needs. The friction braking share of each axle is also shown in 
Figures. 14 and 15. 
 
 
Figure 12. DM regenerative braking share. 

















Figure 13. Total friction braking share. 
 
 
Figure 14. Front axle share of friction brake. 
 
 
Figure 15. Rear axle share of friction brake. 






































A closer look into the results of Figures. 12 through 15 reveals that for values 
below the regenerative limit, the front axle’s friction braking share is zero and all the 
braking requirement of the front axle is met by regenerative braking. However, as soon as 
the regenerative braking torque exceeds its higher limit, the front axle friction braking is 
used to assist with the deceleration process and meet vehicle’s braking requirements. It is 
also noted from Figures. 14 and 15 that the front axle’s share of friction braking is 
slightly lower than the rear axle’s share due to the regenerative braking effect of the DM 
on the front axle. 
 
VIII. CASE STUDY SHOWING THE IMPORTANCE OF CONSIDERING BRAKING ON 
ENERGY CONSUMPTION 
To further analyze the effect of considering braking on energy consumption, two 
cases of EV emulation discussed in section VII were compared to the results obtained 
from the ADvanced VehIcle SimulatOR (ADVISOR) [35], [36]. For this comparison a 
full UDDS drive cycle was considered and once again the vehicle and test bench 
parameters were assumed to be the same as those given in Table I. Given the significant 
advantage of ADVISOR in using MATLAB/Simulink environment, and the flexibility of 
changing the parameters, the ADVISOR vehicle and regenerative braking parameters 
were chosen to closely resemble those used in the experimental setup.  
To measure the energy consumption for each experimental case, current and 
voltage measurements from the DC source connected to the PMSM were recorded in real 
time. The final results of energy consumed, recovered, and lost to friction braking 




Energy Results for the UDDS Drive Cycle 
                                                 
                                CASE 
 
ENERGY  
DISTRIBUTION         
Experimental Simulation 






Consumed (Wh) 856.3 852.5 851.1 
Recovered through Regen. 
braking (Wh) 
-226.2 -145.1 -139.2 
Net consumption (Wh) 630.1 707.4 711.9 
Lost to Friction (Wh) 0 -90.1 -94.5 
 
 
The total energy consumed from the source is calculated by integrating the 
positive values of power over the full drive cycle. The consumed energy represents the 
required energy to propel the vehicle and does not take into account the energy recovered 
from regenerative braking. Similarly the energy recovered through regenerative braking 
was calculated from integration of the negative values of power over the complete drive 
cycle. Also, the energy lost to friction for the case with the braking model was calculated 
from the real-time brake torque command given to the dynamometer with respect to 
vehicle speed.  
Comparing the results of consumed energy reveals that the ADVISOR simulation 
result is closer to the result obtained from the experimental case with brake modeling. On 
the other hand, the consumed energy for the case with no braking is relatively higher 
compared to the other two cases. This difference is mainly due to the extra current being 
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drawn from the source during low speed regenerative braking discussed in section III (b) 
which adds up to the total consumption. As for energy recovered through regenerative 
braking, it is clear that the regenerative braking energy obtained from the experimental 
case with the brake model is once again very close to the result obtained from 
ADVISOR. For both these cases the recovered energy is almost 17% of their total 
consumed energy. However, as expected, the total energy recovered during braking for 
the case without the brake model (case I) is significantly higher and accounts for almost 
26% of its consumed energy. This is due to the fact that in the absence of friction 
braking, the DM is the only means of reducing the speed. As such it is sometimes forced 
to generate very high regenerative braking force to fulfil the deceleration requirements of 
the drive cycle, resulting in more energy recovery. It should be noted that although in the 
case of not considering braking, more energy can be recovered, but since the brake force 
distribution requirements are not considered, the simulation is far from realistic. The high 
regenerative braking energy recovery for case I can also be justified from the results of 
energy lost to friction. Considering that the energy lost to friction is no longer available 
for recovery, the results show no friction losses in the absence of a braking model while a 
relatively high friction loss is recorded for the other two cases.  
In Table II the net energy consumption is calculated from the difference between 
the absolute values of consumed energy and the recovered energy from regenerative 
braking. This value corresponds to the total energy required to complete the drive cycle 
while also considering the energy recovered through regenerative braking. The net energy 
consumption is a crucial parameter when estimating the range of an EV with respect to its 
energy storage capacity. Comparing the results of the net consumption obtained from 
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ADVISOR with each experimental case shows an error of 11.5% for case I and 0.6 % for 
case II. This notable difference indicates that by implementing a braking model that 
represents a close model of an actual EV braking system, very accurate HIL test bench 
results could be achieved. Whereas not considering braking could result in significant 
errors that can lead to unrealistic results. This can also be concluded by comparing the 
results of other parameters from Table II between the experimental cases and the results 
obtained from ADVISOR. 
 
IX. CONCLUSION 
A new approach for emulating EV braking performance on a motor/dynamometer 
test bench was proposed. This was achieved by introducing a brake controller which 
takes into account brake force distribution between regenerative and friction braking. To 
validate the effectiveness of this approach, experiments with and without the brake 
controller were conducted using a motor/dynamometer HIL experimental setup. The 
experimental results confirmed the desired operation of the brake controller in 
distributing the required brake force between regenerative and friction braking without 
impairing the overall system performance. The results also indicated that when 
considering a front wheel-drive EV configuration, the front axle’s share of friction 
braking can be lower than the rear axle’s share due to DM regenerative braking 
capability. It was also concluded that from the perspective of energy consumption, 
considering braking limitations provides a more realistic approach towards EV emulation 
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III Development of an Educational Small-Scale Hybrid Electric Vehicle (HEV) 
Setup 
I. INTRODUCTION 
Transportation electrification is gaining mainstream attention across several sectors, from 
academia and research laboratories to automotive industries and their suppliers. Its rapid 
growth in recent years has focused mainly on reducing the dependence of the 
transportation sector on fossil fuels. In addition to the economic and political 
complications that oil consumption poses, environmental concerns also have had a 
tremendous effect on the effort to transition to transportation electrification.  
Electrification in the automotive industry appears in the form of electric vehicles 
(EVs) and hybrid electric vehicles (HEVs). Different configurations of HEVs, namely 
series, parallel, and series-parallel [1], [2], display different characteristics based on their 
powertrain architecture and the different components used within them. All-electric 
vehicles, on the other hand, completely eliminate the need for an internal combustion 
engine (ICE), and thus the dependence on oil.  
With increasing investments in projects pertaining to transportation 
electrification, educating a new generation of engineers in this field is of great 
importance. Hybrid vehicles, often considered cyber-physical systems, span multi-
disciplinary fields of engineering and science. Therefore, professionals in this field must 
be familiar with a variety of topics, including vehicle dynamics, electric machines, power 
electronics, energy storage systems, automotive engineering, and control engineering. In 
recent years, instructional efforts aiming to prepare individuals and professionals for the 
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HEV industry have come in the form of books and research articles describing these 
vehicles and their components [2], software packages that can perform advanced 
simulations of vehicle behaviors [3], hardware-in-the-loop (HIL) simulations on a test 
bench [4], and real vehicle tests. Of these methods, the first two fail to provide the 
practical aspects of transportation electrification education. On the other hand, real 
vehicle tests and HIL simulations for electric and hybrid vehicles facilitate a hands-on, 
intuitive, and interactive experience. However, both these methods often require a 
dedicated system that is usually expensive, rigid, and difficult to test and adjust. Also, 
due to restrictions on using ICEs in most indoor environments, typical HIL simulation 
platforms for HEVs emulate the ICE using an electric motor. Therefore, the ICE, one of 
the main HEV components, usually is absent from the test platform.  
To provide a practical, hands-on experience that is safe, affordable, and inclusive 
of all of the major components of a real HEV powertrain, a small-scale HEV setup was 
developed. Special attention was given to the overall cost of developing this test bench 
and the first prototype was built with a budget of $2000. All of the components were 
selected from commercially available small-scale versions of their full-size counterparts, 
which then were assembled to form a small-scale HEV test bench. This test bench 
features the flexibility to switch between different HEV architectures. In addition to the 
all-electric configuration, the test bench can operate in series, parallel, or series-parallel 
configurations with only minor changes to the powertrain. 
The developed test bench can be used in institutes of higher education to 
complement theoretical coursework and to serve as an HEV research platform. In 
addition to familiarizing learners with different HEV components, this platform also can 
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be used to elaborate on various HEV architectures and designs. Some of the research 
topics that can be studied on the test bench include HEV design optimization, 
implementation of different control methodologies on individual components of the 
system, energy distribution, fuel consumption minimization, and many other research 
challenges encountered in real-world HEVs. This setup not only serves as a laboratory 
test platform to study different aspects of electric and hybrid vehicles, but also is 
designed to address a variety of audiences. Its light-weight, mobile characteristics allow it 
to be taken to schools and community events as a demonstration and education unit, with 
the aim of generating interest among younger audiences and encouraging the 
development and use of HEVs. 
 
II. VEHICLE COMPONENTS 
The idea of a small-scale HEV arose from the fact that all of the components of a real 
HEV are available in a smaller scale. Figure 1 shows the main components used in an 
HEV and their small-scale equivalents used in the proposed small-scale vehicle setup. By 
properly combining the parts in the same configuration as a real HEV, a very close model 
of the actual vehicle can be achieved. However, the scaled versions of the engine, electric 
motor, and generator must be compatible with each other and in a similar range of power. 
This will make their properties match, more closely resembling those of an actual 
vehicle. Figure 2 shows the actual small-scale vehicle setup with the main components 













The vehicle platform engine is a 0.15 cubic inch displacement nitro engine 
capable of reaching a no-load top speed of 30,000 rpm, with an idling speed of 
approximately 8,000 rpm. The engine torque is controlled by a servo motor connected to 
its carburetor, which accurately controls the throttle response, allowing it to reach the 
desired operating points. There is also an onboard starter mounted on the engine which is 
used to crank the engine. 
 Electric motor 
A small 131 W brushless DC motor capable of reaching 18,000 rpm serves as the 
electric propulsion unit for the vehicle. The motor is equipped with a dedicated motor 
drive that can be controlled externally. The motor drive uses three Hall effect sensors 
mounted inside the motor to estimate the rotor position. The controller also uses one Hall 
effect sensor to calculate the speed of the motor at each operating point. 
 Generator and DC/DC converter 
The generator is a normal brushed DC motor that is operated as a generator to 
provide a varying DC voltage. The generator is connected to a DC/DC converter used to 
control the power flow between the generator and the battery by varying its output 
voltage. The switching of the converter is controlled by pulse width modulation (PWM) 





 Planetary gearbox 
A small-scale planetary gearbox with a 46-tooth ring gear and a 14-tooth sun gear 
distributes mechanical power between the engine, generator, and electric motor. When 
the ring gear is stationary, a 4.3:1 gear ratio between the sun gear and the carrier allows 
an increase in speed from the engine to the generator.  
 Battery and battery management 
The battery used as the main energy source is a 7.2 V NiMH battery with a 
capacity of 1200 mAh. One important state of the battery is its state of charge (SOC). The 
SOC shows the amount of charge remaining in the battery compared to a fully charged 
battery. In other words, it indicates the scope of operation of the battery-powered device. 
In HEVs, the battery SOC indicates how much longer the battery will be able to power 
the vehicle. For the test bench, the SOC of the battery is calculated at each instance by 
continuously measuring the current based on: 
 





where QT is the total capacity of the battery, SOCo is the initial SOC of the battery, and i 
is the output current of the battery, which is continuously measured using a current 
sensor. The parameter SOCo can be found from the relationship between the battery SOC 
and its open-circuit voltage. For the battery used in this setup, this relationship was 
obtained using open-circuit voltage tests [5]. The experimental voltage measurements and 




Figure 3. Experimental voltage measurements and fitted polynomial of the battery used in 
the small-scale HEV. 
 
 Controllers 
Arduino boards [6] are used as controllers to execute control signals and monitor 
all of the components of the test bench. The Arduino Uno board used in this test bench is 
a microcontroller board based on the ATmega328 with 14 digital input/output pins (6 of 
which can be used as PWM outputs) and 6 analog inputs. These boards have the 
flexibility to be operated either by a program uploaded to the Arduino’s memory or using 
the LabVIEW software [7]. In the latter case, the Arduino is used as a data acquisition 
(DAQ) device, and LabVIEW executes all of the control decisions. The test bench uses 
two Arduino boards, one responsible for calculating both the electric motor and the 
engine speeds, and the other connected to the PC through a USB cable and used as a 
DAQ device to interact with LabVIEW. The data are passed between two boards using a 
two-wire serial interface (I2C), which is well suited for low/medium speed data transfer 
between integrated circuits. 
 




























III.  VEHICLE CONFIGURATIONS 
One of the main objectives of this setup was to develop a flexible test platform so that all 
different HEV configurations could be simulated with minimal hardware modifications. 
Figure 4 illustrates a block diagram of the overall configuration of the test bench, with the 
planetary gearbox or the power split device serving as the main component for splitting 
the power between the engine, motor, and generator.  
 
 
Figure 4. Overall configuration of the small-scale HEV. 
 
This configuration is based on the Toyota Prius powertrain arrangement and 
allows the test bench to operate as a series, parallel, or series-parallel HEV, as well as an 
all-electric vehicle with minor modifications to the powertrain. In this configuration, the 
electric motor is connected to the ring gear of the planetary gear set. It is also directly 
connected to the differential, which drives the wheels. Therefore, the speed of the electric 
motor is always proportional to the speed of the vehicle. The generator is connected to 
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the sun gear of the gear set, and the engine is connected to the planet carrier. A locking 
mechanism allows each of the sun and ring gears of the planetary gearbox to be locked 
independently to provide different power flow paths and hence achieve different 
powertrain configurations. When none of the gears are locked, the output power of the 
ring gear can be controlled by the engine and generator. 
 All-electric configuration 
The simplest configuration of the small-scale vehicle is the all-electric 
configuration, shown in Figure 5(a), in which the electric motor is the only propulsion 
unit and the rest of the components are decoupled from the powertrain. This can be 
achieved by removing the ring gear coupling shaft, thus breaking the mechanical link 
between the electric motor and the rest of the components.  
 Series configuration 
In a series hybrid vehicle, there is a single path to power the wheels of the vehicle, 
but two energy sources; the speed of the engine is independent of that of the vehicle. In 
general, in this configuration, the engine is coupled to the generator to produce the power 
needed to charge the batteries. The electric power can either charge the battery or bypass 
the battery and be used to propel the wheels via the electric motor. In the proposed test 
setup, a series configuration can be achieved by removing the ring gear coupling shaft 
and locking the ring gear of the planetary gear set, as shown in Figure 5(b). This allows a 
fixed gear ratio between the engine and the generator and decouples the engine from the 










Figure 5. Different configurations of the small-scale HEV setup:  (a) all-electric,           





Figure 5. Different configurations of the small-scale HEV setup:  (a) all-electric,           
(b) series, (c) parallel, and (d) series-parallel. (cont.) 
 
 Parallel configuration 
In a parallel HEV, two parallel paths, an engine path and an electrical path, are 
used to power the wheels of the vehicle. Both the engine and the electric motor are 
coupled to the drive shaft, so the propulsion power may be supplied by the engine, by the 
electric motor, or by both. In the test bench, this configuration can be achieved by locking 
only the sun gear and permitting a fixed gear ratio between the engine and the electric 
motor drive shaft, allowing either or both to power the wheels. Figure 5(c) depicts this 
configuration. 
 Series-parallel configuration 
The series-parallel configuration incorporates both series and parallel energy 
paths. As shown in Figure 5(d), this is the only configuration that utilizes all of the 
components of the test bench without the need to lock any of the gears of the planetary 
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gearbox. However, it is relatively complicated and more difficult to control compared to 
the other two configurations.  
 
IV. CONTROL STRATEGIES 
A critical consideration when designing a small-scale hybrid vehicle setup is energy 
management control for each configuration. In a real HEV, the vehicle control unit 
(VCU) is responsible for energy management control. It generates the control signals to 
the engine, traction motor, and generator based on the driver’s command and other 
operating parameters, such as vehicle speed, engine speed, and battery SOC. 
Generally, most HEV control strategies are based primarily on improving fuel 
economy, reducing emissions, and optimizing efficiency while simultaneously meeting 
performance demands. However, the main objective of this setup was to demonstrate the 
working principles of different hybrid vehicle structures and to provide a scaled model of 
an actual hybrid powertrain. Consequently, efficiency optimization was not the main 
design consideration for the VCU. Developing control logics to resemble real vehicle 
control strategies as closely as possible while maintaining a stable operation of each 
component was considered as the primary design goal.  
One of the most common energy management strategies used in HEVs is rule-
based energy management. In this strategy, predefined rules initially are set based on 
desirable outputs without any prior knowledge of the drive cycle. Predefined criteria, 
such as the engine or motor speed, vehicle speed, or the SOC of the battery, dictate 
transitions from one mode to another [8]. 
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Rule-based strategies commonly are based on the concept of “load-leveling,” in 
which the main objective is to shift the actual ICE operating point as close as possible to 
its optimal point. Furthermore, for configurations in which the engine and electric motor 
both can provide mechanical power to the drive shaft, using the electric motor alone is 
preferable at low vehicle speeds due to poor engine performance at such speeds. 
The control strategies developed for different hybrid configurations of the small-
scale module all were designed using rule-based energy management. For each 
configuration, a different LabVIEW code was executed, and vehicle operation was based 
on a different set of criteria. However, the overall control objectives for all configurations 
were the same and based on the following rules: 1) design the controller without prior 
knowledge of a predefined driving cycle, 2) always meet the reference speed command, 
3) always maintain the battery SOC at a desirable level, and 4) operate the engine in its 
optimal region as much as possible. 
 Series hybrid energy management  
In practice, a number of rule-based control strategies exist that can be used for 
hybrid vehicles with a series configuration based on different requirements [1]. In some 
control strategies developed for series configuration, the engine/generator operation is 
controlled only by the SOC of the battery, while in others, this operation is influenced by 
both the battery SOC and the load demand. In the latter case, the engine/generator unit 
either helps the batteries to power the electric motor when the load power demand is 
large or charges the batteries when the load power demand is small and the battery SOC 
is below its upper limit [1]. In all cases, the electric motor is responsible for producing 
the mechanical power required by the vehicle. 
99 
 
The control decision utilized for the small-scale test bench was based on the 
engine ON/OFF or thermostat control of the engine/generator strategy [9]. In this method, 
the battery SOC is always maintained between its preset upper and lower limits by 
turning the engine on and off, while the electric motor is controlled to produce the desired 
power request to meet driving demands. Figure 6 depicts the overall control rule for this 
configuration. 
In this control strategy, the electric motor is always speed controlled; its controller 
receives the difference between the reference and actual speed and passes it through a PI 
controller that ensures accurate speed tracking. When the battery SOC reaches its preset 
lower limit, the engine/generator is turned on. On the other hand, when the battery SOC 
reaches its upper limit, the engine/generator is turned off, and the vehicle is propelled 
only by battery power.  
 
 
Figure 6. Controller block diagram for the series configuration. 
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Generally, with this control rule, the engine is controlled such that it always 
operates in its optimal operating region and the battery SOC is maintained in a preset 
window. This strategy allows the user to set the SOC bandwidth limits and explore the 
effect of different bandwidth limits on the overall performance of the vehicle. 
 Parallel hybrid energy management  
The control of the parallel hybrid drive train is more complex than that of the 
series hybrid drive train because of the mechanical coupling between the engine and the 
electric motor [2]. The basic idea behind parallel control is to operate the engine within 
its optimal operating region with a constant average power and to control the electric 
motor to supply its power equal to the remaining load power.  
 Different operating modes and control strategies have been proposed for parallel 
hybrid vehicles [10]. Among these strategies, the power follower (baseline) control 
strategy is popular for energy management in parallel hybrid drive trains [9]. In this rule-
based strategy, the engine supplies its power to meet the base load, and the electric motor 
supplies additional power when needed to meet the load requirement.  
Consequently, the overall control scheme designed for the parallel configuration 
of the small-scale test bench also was based on the power follower control strategy. The 
only difference is that the power distribution between the engine and motor is controlled 
such that the engine provides power with regard to vehicle speed. In this case, the electric 
motor is controlled to supply the remaining load power. However, below a certain 
minimum vehicle speed, which is considered the base speed for engine operation, only 
the electric motor is used. The motor-only operating mode is used when the vehicle speed 
is so low that the engine cannot operate steadily. Also, if the battery SOC is lower than its 
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minimum allowable value, then the engine will provide additional power to constantly 
charge the battery. In such a case, the difference between the power generated by the ICE 
and the load power will be compensated by the motor in replenishing the battery.     




Figure 7. Controller block diagram for the parallel configuration. 
 
In this strategy, the electric motor is always controlled to follow the commanded 
speed. At speeds lower than the base speed, the engine idles, and the electric motor is the 
only source that provides mechanical power to the wheels. At speeds higher than the base 
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speed, both the engine and the electric motor power the wheels. In this case, the 
commanded engine power varies depending on the vehicle speed and the battery SOC. 
When the SOC is above a predetermined minimum, the engine operates close to its 
optimal operating point. As soon as the SOC decreases to its minimum, the engine is 
forced to operate at a higher power, which exceeds the average required load power 
demand. Consequently, because the load power demand is less than the engine power, the 
electric motor is forced by its controller to function as a generator, using the remaining 
power of the engine to charge the battery.  
 Series-parallel hybrid energy management  
For the series-parallel configuration, the engine speed is decoupled from the 
vehicle speed due to the kinematic properties of the planetary gear set [11]. This provides 
more flexibility and degrees of freedom in designing the control strategy compared to the 
other two configurations. However, it adds a great deal of complexity to the controller 
design. Therefore, it is necessary to impose more constraints on each component to 
ensure a stable operation of the vehicle platform. 
The main ideas and control solutions for the parallel hybrid configuration can be 
extended to the series-parallel architecture [9]. For the small-scale vehicle, the control 
strategy designed for this configuration was based on a combination of the all-electric 
and parallel control strategies, with the exception that the generator is controlled to 
absorb excess engine power. The vehicle is operated in electric-only mode using only the 
electric motor until the SOC of the battery reaches a predefined value. From this point 
onward, the vehicle continues to operate as an HEV by switching to charge-sustaining 
(CS) mode [12], in which the vehicle is powered by the electric motor, the engine, or 
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both, with the constraint of maintaining a constant battery SOC [8]. In this mode, the 
decoupled engine speed and the amount of generator torque are the two degrees of 
freedom that the controller uses to maintain a constant SOC. Figure 8 illustrates the 
control principle for the series-parallel configuration for the CS mode. In the all-electric 
mode, only the electric motor is utilized and the engine and generator are off. 
 
 
Figure 8. Controller block diagram of the CS mode for the series-parallel configuration. 
 
In the CS mode, the optimal engine speed command is calculated based on the 
commanded reference speed, planetary gearbox gear ratios, and SOC of the battery at 
each instance. The engine operating point is maintained within a stable region by 
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controlling the engine throttle and generator torque. Due to the ability of the planetary 
gearbox to split power, a part of the power from the engine is transferred to the final drive 
shaft, and the remaining part is absorbed by the generator and used to charge the battery. 
In this configuration, because the engine speed is decoupled from the vehicle 
speed, the base speed for engine operation is reduced, allowing engine assistance at lower 
speeds compared to the parallel configuration. This results in better use of the engine at 
lower vehicle speeds without compromising engine performance at low speeds. 
 
V. MODES OF OPERATION 
Each configuration of the test bench has two different modes of operation, which are 
based on a predefined drive-cycle simulation or user-defined driving behavior. 
 Drive-cycle mode 
This mode of operation is used for simulating a predetermined drive cycle where 
the speed at each instance is known and given as a driving profile. The user only selects 
the desired drive cycle to be simulated and can only control the start and end time of the 
simulation. In this case, the vehicle speed reference is obtained from the drive cycle, and 
the LabVIEW program is responsible for controlling each component depending on the 
selected vehicle configuration. 
 Driver mode 
This mode is used to analyze the vehicle operation directly from the command 
given by the user. In this case, the input reference signal is a varying speed signal 
commanded by the user through the LabVIEW interface panel which directly controls the 
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electric motor speed. The control of all other components, including decisions regarding 
how to control the engine and generator and when to charge the battery, are made within 
the LabVIEW program. 
 
VI. LABVIEW INTERFACE 
The LabVIEW front panel interface designed for this setup is shown in Figures 9 and 10 
for each mode of operation. For each mode, the interface allows the user to control the 
start and end time of the experiment while graphically indicating the actual speed of each 
component and the battery SOC at each instance. For the drive-cycle mode, the front 
panel window allows the user to select the desired drive cycle to be implemented, while 









Figure 10. LabVIEW interface for the driver mode. 
 
There is also a power management window designed in LabVIEW that indicates 
both mechanical and electrical power flow between components while the simulation is 
running. This allows a better understanding of electrical and mechanical power flow for 
each configuration. The power management window is shown in Figure 11. As soon as 
the simulation stops, a data log file containing real time data of the battery SOC and the 




Figure 11. LabVIEW power management window. 
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VII. EXPERIMENTAL RESULTS 
To illustrate the utilization of the small-scale vehicle setup in demonstrating the operation 
of an electric vehicle, as well as different configurations of HEVs, four experiments were 
performed. All of the tests were performed in drive-cycle mode, with the chosen drive 
cycle being a scaled version of the Urban Dynamometer Driving Schedule (UDDS) with 
a maximum speed of 10 mph. The tests were performed on a custom-made, small-scale 
chassis dynamometer, shown in Figure 12. The dynamometer consisted of two stainless 
steel roller bars, the mass and dimensions of which were chosen to have the same inertia 
effect of a moving vehicle, as calculated from [13] based on the vehicle weight and 
specifications. Furthermore, the rollers were mechanically connected to a DC motor with 
a fixed resistive load to account for all of the resistive forces applied to an actual moving 
vehicle of this scale.  
 
 




The goal of these simulations was to show that the developed model can indeed 
meet the design requirements of following a given drive cycle while simultaneously 
emulating the operation of an actual vehicle for each configuration. The experimental 
data regarding the battery SOC and the speed and current of the main component used for 
each configuration were recorded and appear in Figures 13-16. 
Plots (a) of Figures 13–16 show the comparison between the commanded and 
actual vehicle speed in mph for different configurations of the test bench, illustrating that 





Figure 13. Experimental results for all-electric configuration: (a) vehicle translational speed,     






Figure 14. Experimental results for series configuration: (a) vehicle translational speed,          
(b) electric motor, engine and generator speeds, (c) electric motor, generator and battery currents, 
and (d) battery SOC. 
(a)  (c) 
(b)  (d) 
Figure 15. Experimental results for parallel configuration: (a) vehicle translational speed,         





Figure 16. Experimental results for series-parallel configuration: (a) vehicle translational speed, 
(b) electric motor, engine and generator speeds, (c) electric motor, generator and battery currents, 
and (d) battery SOC. 
 
A more detailed analysis of these results revealed that for the all-electric and 
series configurations, the actual recorded vehicle speeds very closely matched the desired 
speed profile, whereas for the parallel and series-parallel configurations, very small 
deviations from the desired speed profile occurred occasionally throughout the drive 
cycle. This behavior was due primarily to the fact that in the latter two configurations, the 
engine and electric motor both provided mechanical power to the drive shaft. As a result, 
the controller was responsible for controlling both power sources, and the smallest power 
mismatch between these components was reflected on the vehicle speed. 
Plots (b) of Figures 13–16 illustrate the measured speed of each component that 
was utilized throughout the drive cycle for each configuration. For the all-electric 
configuration, the engine and generator speeds were not given, and for the parallel 
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configuration, the generator speed was not given, as these components were not utilized 
in their respective configurations. The role of each component becomes clear through a 
comparison of these plots from each configuration. These results clearly indicate that 
because the electric motor was connected directly to the final drive, its speed was 
proportional to the vehicle speed for each case. Furthermore, one may conclude that for 
the series configuration, the engine and generator speeds were related directly to each 
other. On the other hand, for the parallel configuration, at any speed exceeding the base 
speed, which was equal to a motor speed of 5000 rpm, the change in engine speed was 
almost proportional to the electric motor speed. However, for motor speeds below the 
base speed, the engine idled. In the series-parallel hybrid mode, the generator speed was 
always maintained around 7000-8000 rpm while the engine and motor both provided 
power. Also, the engine idling time for the series-parallel configuration was significantly 
less than for the parallel configuration. This is due to the decoupling nature of the 
planetary gearbox that allowed the engine speed to be decoupled from the electric motor 
speed. 
The measured currents of the battery, motor, and generator (depending on the 
configuration) appear in plots (c) of Figures 13–16. In these plots, a positive motor and 
generator current indicates power consumption, whereas a negative current indicates 
power generation. Similarly, a negative battery current can be interpreted as a battery 
discharge, while a positive current means that the battery was charging.   
Plots (d) of Figures 13–16 reveal the SOC variation of the battery over a complete 
drive cycle. The initial starting SOC and the change in SOC differed for each 
configuration. One obvious difference across configurations is the pattern of SOC 
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change. For the all-electric configuration shown in Figure 13 (d), the overall SOC pattern 
shows a negative slope. The SOC decreased from its initial value of 100% to almost 52% 
at the end of the cycle, indicating a change of 48% to accomplish the drive cycle. 
However, for the series configuration shown in Figure 14 (d), the battery SOC had both 
positive and negative slopes and was limited to preset values of 40% and 60%. As soon 
as the SOC reached its lower bound of 40%, the engine/generator set began to charge the 
battery, resulting in an increase in the SOC value. The engine/generator shut off when the 
SOC reached its upper bound of 60%. For the parallel configuration shown in Figure 15 
(d), a small increase in the SOC was detected between 200-350 seconds. During this time 
period, the motor speed was at its highest, allowing it to be efficiently controlled as a load 
to the engine and charge the battery. The net change in the SOC for this configuration 
was approximately 22%, almost half of the SOC change for the all-electric configuration. 
This difference was due to the fact that in this configuration, above the base speed, the 
engine provides assistance to the electric motor, so the battery is not the only source of 
energy to propel the vehicle. For the series-parallel configuration shown in Figure 16 (d), 
the SOC decreased during the first part of the drive cycle as the vehicle drove electrically 
without assistance from the engine. Once reaching the CS SOC level, the SOC remained 




This paper provides insight into the design and development of a small-scale HEV 
learning module. The module consists of all of the key components of an actual HEV 
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scaled down to provide an ideal test platform to evaluate and study hybrid powertrains 
and to simulate both EV and HEV systems. The overall configuration was designed to 
allow the scaled vehicle to emulate the behavior of a series, parallel, or series-parallel 
HEV, as well as all-electric operation with minor modifications to the powertrain and a 
change over time of few minutes. One of the most important and challenging tasks in 
developing this test bench was designing the controller for each configuration. A control 
logic based on a rule-based energy management strategy was developed and implemented 
in LabVIEW software for each configuration. The different modes of operation of the test 
platform were discussed briefly, and the LabVIEW front panel interface designed for 
each mode was presented. The experimental results from tests performed on a custom-
made, small-scale chassis dynamometer showed the overall operation of the vehicle 
platform for each configuration and validated its use in emulating real vehicle behavior. 
The small-scale HEV test bench not only facilitates hand-on experience but can be 
considered a safe, affordable solution to providing practical aspects of education in the 
field of electric and hybrid vehicle technology. 
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In this dissertation, two different modes of emulating the behavior of EDVs on a 
test bench comprising of a motor/dynamometer set were investigated. It was concluded 
that the effect of vehicle inertia for test bench studies should be considered carefully. An 
expression for estimating vehicle inertia was derived analytically by calculating the 
kinetic energy of a moving mass in the linear and rotational context and mapping the 
vehicle’s linear inertia to an equivalent rotational inertia. This method not only takes into 
account all the stress imposed on the DM due to vehicle inertia effect, but also allows 
EDV emulation for any standard drive cycle as well as an undefined driving scenario. 
The results obtained from the simulation showed accurate calculation of vehicle resistive 
forces for both cases. Additionally the experimental results validated this method of EDV 
emulation on a motor/dynamometer setup. 
Moreover, the integration of a brake model suitable for motor/dynamometer 
emulation of EDVs was discussed. The brake dynamic emulation was realized by taking 
into account both regenerative and friction braking limitations and controlling the 
dynamometer motor to emulate friction braking effect as well as vehicle inertia and 
resistive forces. It was concluded that by considering the proposed braking model a more 
realistic approach towards emulating EDV performance on a motor/dynamometer test 
bench is achieved. The comprehensive model allows for a more accurate assessment of 
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EDV performance and can further be used in efficiency and energy consumption analysis 
studies related to these vehicles.  
The design and development of a small scale HEV learning module was also 
presented in the last section of this dissertation. The module uses small scale components 
of an actual vehicle to satisfy the need to evaluate and study different hybrid powertrains. 
A block diagram view of the overall configuration of the test module was explained 
which allows the scaled vehicle to emulate the behavior of a series, parallel or a series-
parallel HEV as well as an all-electric operation with minor modification to the 
powertrain. The different modes of operation of the test platform were discussed briefly, 
and the LabVIEW front panel interface designed for each mode was presented. The 
experimental results from tests performed on a custom-made, small scale chassis 
dynamometer showed the overall operation of the vehicle platform and validated its use 
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